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Abstract
This thesis aims to increase understanding of the relationship between molecular
structure and liquid crystalline temperature range by exploring the effects of oxidation,
thionation, and dimerization on the self-assembly and properties of novel discotic
materials. First, two alkoxy-substituted dibenzanthracenequinones were prepared by
oxidation of the corresponding dibenzanthracenes.

The quinone induced a liquid

crystalline phase in the hexaalkoxy dibenzanthracene derivative, but not in the
tetralkoxy derivative. However, both of the resulting materials were un-reactive to any
further synthetic modifications that could be used to improve their properties.

In

comparison, two heteroaromatic dithienoanthracenedicarboximides were successfully
prepared, although the addition of the thiophene was not able to induce a columnar
phase in these materials.
In contrast, the effect of thionation on self-assembly was explored via a series of
thionated dibenzanthracenes and a series of thionated triphenylenes, both of which
displayed broad columnar phases and increased aggregation in solution. In general, it
was found that thionation allowed for tuning of the LUMO energy level without having
a significant effect on the liquid crystalline temperature range of the material. These
results, combined with the relative ease of the synthetic transformation, suggest that
thionation may be a promising method for the design of novel electron-deficient liquid
crystalline materials.
Finally, although the target discotic dimers could not be achieved, we were able
to

successfully

synthesize

the

corresponding

N-substituted

alkylamine

dibenzanthracenes and characterize their liquid crystalline behaviour. It was found that,
ii

when compared to the corresponding alkyl-substituted derivative, the exposed amine
destabilized the liquid crystalline phase. The terminal amine was successfully converted
to an acetyl group; although this was observed to lead to a stabilization of the crystalline
phase and a narrowing of the liquid crystalline temperature range.
Overall, by characterizing both the self-assembly and photophysical properties of
these materials, this thesis hopes to contribute to a better understanding of the
intermolecular interactions occurring in this class of compounds and may, ultimately,
help to develop materials that have future applications in organic electronics.
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Chapter 1 Introduction
1.1 Self-Assembly
Molecular self-assembly is nature’s way of preparing many of the complex and
dynamic materials that are needed for life on Earth. A spontaneous process, selfassembly is the autonomous organization of components into patterns or structures
without human intervention.1 Many of the building blocks of life, including DNA,
proteins, and enzymes, result from the self-assembly of discrete molecules into
supramolecular structures.2

Self-assembly results from a variety of non-covalent

interactions that occur between the components in the system. Such interactions include
hydrogen bonding, π-stacking, dispersion forces, metal co-ordination, and ionic
interactions; among others.3

Although these interactions are relatively weak taken

individually, when compounded they prove to be quite stable. The overall strength of
the assembly depends upon the number and concentration of these various interactions.4
One particularly interesting example of self-assembly is liquid crystalline phases.
Much like biological systems, in the liquid crystal phase molecules self-assemble via
non-covalent interactions, including van der Waals forces, π-stacking, charge transfer
interactions and hydrogen bonding.3 In fact, liquid crystalline phases are found in many
self-assembled systems and can even be found in cell membranes.5 Therefore, a more
thorough understanding of how the structure and morphology of a molecule will affect
its self-assembly will not only lead to a better understanding of biological systems, but
will also allow for efficient design of these materials to achieve specific properties.

1

1.2 Introduction to Liquid Crystals
Liquid crystalline materials are a unique class of compounds that possess an
intermediate phase of matter between that of a crystalline solid and an isotropic liquid.
These compounds maintain some degree of order at the molecular level, like that of
crystalline solids, while still exhibiting the liquid property of disordered flow.6 The
liquid crystallinity results from the interplay of two distinct components of the molecule:
the crystalline character results from interactions between the rigid, aromatic cores of
the molecules while the liquid character is derived from the flexible alkyl chains that
surround the cores.5

These compounds are described as mesogens since they can

display a mesophase, or intermediate phase, of matter.
Liquid crystals were first discovered in 1888 by Friedrich Reinitzer. Upon
attempting to determine the melting point of cholesteryl benzoate, he noticed two
distinct melting points: one at 145.5 oC to a cloudy liquid and a second at 178.5 oC to a
clear liquid.7 Physicist Otto Lehman further studied this atypical behaviour, which he
initially described as ‘double melting’.8

Later, he would develop the term ‘liquid

crystal’ to better describe this phase of matter that shared properties of both a crystalline
solid and a liquid. Interestingly, however, it is evident that as early as the 1850s
researchers dealt with liquid crystals; though they did not realize the uniqueness of these
materials.9
After their initial discovery, more research into liquid crystalline materials
followed. In 1907 Daniel Vorländer reported that the liquid crystalline phase was the
result of a straight molecular structure.5 These rod-shaped compounds, also known as
calamitic liquid crystals (Figure 1-1a), quickly became the main area of liquid crystal

2

research and currently form the basis for liquid crystalline displays in a variety of
consumer electronics, including smartphones, televisions, and computers.10
For many years, it was thought that only these rod-shaped molecules displayed
liquid crystalline properties.

However, several experimental studies11 as well as

theoretical predictions12–14 hinted at the existence of a different type of mesogen, which
had a structure that was very different from the rod-shaped liquid crystals that were
already known. In 1977 the first evidence for discotic mesogens, or disc-shaped liquid
crystals (Figure 1-1b), was reported by Chandrasekhar et al.15 This discovery developed
into a whole new area of research, including a variety of new directions for research into
organic semiconductors and photovoltaics.16–18 Due to this, discotic liquid crystalline
materials have garnered significant attention in recent years.

Figure 1: a) A representative calamitic (rod-shaped) mesogen. b) A representative
discotic (disc-shaped) mesogen19 c) a representative bent core mesogen20
In addition to these two broad classes of liquid crystals, recently a third type bent-core mesogens (Figure 1-1c), were described by Niori et al.21 This novel type of
mesogen has allowed for additional new areas of liquid crystal research, based on the
ferroelectric properties of these materials.20
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There are two main classifications of liquid crystals: lyotropic and thermotropic.
A lyotropic mesogen forms a liquid crystalline phase only in the presence of a suitable
solvent at an appropriate concentration.22

Lyotropic liquid crystals contain both a

hydrophobic group and a hydrophilic group in a structure similar to that of
phospholipids.22

In contrast, thermotropic mesogens generally consist of a rigid,

aromatic core surrounded by insulating side chains and have a mesophase that is
observed over a certain temperature range.22 Therefore, lyotropic liquid crystals, which
are abundant in biological systems, are always mixtures of amphiphilic molecules and a
solvent; whereas thermotropic liquid crystals can be composed of a mixture of
molecules or a single component.6 Furthermore, in the case of thermotropic liquid
crystals, small modifications to the groups substituted on the aromatic core of the
mesogen can have a large effect on the overall temperature range at which the molecule
displays liquid crystallinity.
There are two important transition temperatures that occur for thermotropic
liquid crystals: the melting temperature (Tm) and the clearing temperature (Tc) (Figure
1-2). The melting temperature is when the mesogen melts from a crystalline solid to a
liquid crystal; while the clearing temperature is when the mesogen melts from a liquid
crystal to an isotropic liquid. If these transitions are observed on both heating and
cooling, the phases are called enantiotropic and are thermodynamically stable.5 In
contrast, if the liquid crystal phase is seen only on cooling, the phase is called
monotropic and it is a metastable phase.5 The clearing point is of particular interest as it
is considered to be a reflection of the stability of the mesophase; therefore, a higher
clearing point suggests a more stable liquid crystalline phase.
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Figure 1-2: Typical transitions for discotic liquid crystals: the crystal state, the liquid
crystal state, and the isotropic liquid state
My thesis will focus on thermotropic discotic liquid crystals.

To better

understand discotic mesogens, their commonly seen phases, typical structure, properties,
and mesophase characterization will be discussed.

1.3 Phases of Discotic Liquid Crystals
Typically, discotic mesogens consist of a rigid aromatic core surrounded by
several flexible side chains. Depending on the shape and symmetry of the discotic
molecule, however, there are several different packing arrangements it can adopt in the
liquid crystal phase.

The most common discotic liquid crystalline phases that are

observed include nematic, lamellar, cubic, and columnar phases. Generally, a discotic
liquid crystal will exhibit only one of these mesophases, although several examples of
polymorphic materials are known.6
1.3.1 Nematic Phases of Discotic Mesogens
The nematic phase is the least ordered mesophase, in which molecules have a
high-degree of long-range orientational order, but no long-range positional order.5 It
can be further subdivided into three main categories: discotic nematic, chiral nematic,
and columnar nematic (Figure 1-3).
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The discotic nematic phase has the least order, but the most symmetry of the
various nematic phases.23

In this phase, the short molecular axes of the discotic

mesogens orient in a parallel manner, while the molecules still maintain full
translational and rotational freedom around that axis.5 In contrast, the chiral discotic
nematic mesophase is characterized by a helical arrangement of molecules. It can occur
both in mixtures of discotic nematic and chiral dopants as well as in pure chiral discotic
molecules.24 Finally, the columnar nematic phase is characterized by one-dimensional
columnar stacking, although these columnar stacks do not form two-dimensional
lattices.23 Recently, a fourth nematic phase has been reported in the literature. In this
phase, which is referred to as the nematic lateral phase, the discotic mesogens form
supramolecular aggregates which then self-assemble into a nematic phase.24

Figure 1-3: Structures of the various nematic phases; a) discotic nematic, b) chiral
nematic and c) columnar nematic5
1.3.2 Lamellar Phases of Discotic Mesogens
Lamellar phases are considered rare for discotic mesogens, and occur when there
are a reduced or uneven number of alkyl chains surrounding the core of the molecule.
While the structure of this phase is still not completely understood, the discotic
mesogens are ordered in layers, similar to what is observed in calamitic smectic
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phases.24 An example of a discotic mesogen displaying a lamellar phase is the orthoterphenyl crown ether25 seen in Figure 1-4. Recently, several other examples of discotic
lamellar phases have been observed in the literature for triphenylene silanes26 and
discotic dimers.27,28

Figure 1-4: o-terphenyl crown ether that displays a lamellar phase.25 Schematic
representation of the lamellar phase.29
1.3.3 Cubic Phase
Another rare phase for discotic liquid crystals, the cubic phase consists of an
interwoven network of branched columns of discotic molecules (Figure 1-5). The cubic
phase is an optically isotropic and high viscosity phase.5 It is more commonly seen with
lyotropic liquid crystals where the amphiphilic molecules assemble into micelles which
then arrange into micellar cubic or bicontinuous cubic phases.5

While nematic and

columnar phases are much more commonly seen with discotic liquid crystals, recently a
few examples of discotic molecules displaying a cubic phase have been observed in the
literature.30–32
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Figure 1-5: A graphical representation of a cubic phase5
1.3.4 Columnar Phases of Discotic Mesogens
Columnar phases are the most common mesophases exhibited by discotic liquid
crystalline materials. In columnar phases, the discotic molecules self-assemble into
extended one-dimensional columns surrounded by the disordered alkyl chains.24 These
extended columns then organize into one of several distinct two-dimensional lattices.24
Three of the most common columnar packing arrangements include rectangular
columnar (Colr), oblique columnar (Colob), and hexagonal columnar (Colh) (Figure 1-6).
The hexagonal columnar mesophase is characterized by the efficient hexagonal
packing arrangement that the columns adopt.5 It is the most common of the columnar
phases observed for discotic liquid crystals.

The rectangular columnar phase is

characterized by the rectangular packing of the columns of discotic mesogens5 while an
oblique mesophase is the result of the molecules stacking into columns with a tilted
orientation.5
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Figure 1-6: Schematic representation of the oblique, rectangular, and hexagonal
columnar mesophases19

1.4 Chemistry of Discotic Liquid Crystals
1.4.1 Polycyclic Aromatic Hydrocarbons
Typically, discotic mesogens consist of a rigid, aromatic core surrounded by 6-8
flexible side chains. There are exceptions to this rule, however. In fact, one of the
simplest discotic molecules to demonstrate liquid crystalline behaviour contains a core
consisting of a single benzene ring. Hexaesterbenzene (HEB) derivatives, which were
first reported by Chandrasekhar and co-workers, have been shown to have a liquid
crystalline phase (Figure 1-7).15,33,34 Similarly, tetraesterbenzene (TEB) derivatives,
which also contain just a single benzene ring, have also been shown to demonstrate a
liquid crystalline phase, though over a much narrower temperature range (Table 11).33,35

Figure 1-7: Esterbenzene discotic molecules.15,33
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Table 1-1: Phase transition temperatures of esterbenzenes. I is an isotropic liquid, Col
is a columnar phase and Cr indicated a crystalline solid phase.
Structure
Phase Transition Temperature (oC)
Reference
Cr 86 Col 86 I
15
HEB-6
Cr 80 Col 84 I
15
HEB-7
Cr 55 Col 57 I
33
TEB-6
Cr 68 Col 70 I
33
TEB-7
The majority of discotic mesogens, however, consist of a more complex core of
polycyclic aromatic hydrocarbons (PAH). PAHs are a distinctive class of compounds
that consist of multiple aromatic rings fused to one another and often form the core
aromatic frameworks of liquid crystalline materials. To date, more than 50 aromatic
cores have been identified which, when substituted appropriately, can yield discotic
liquid crystals.6
One of the most well-studied PAH cores are triphenylenes. Triphenylenes, were
first reported as a novel core for discotic liquid crystals in 1978.36 Since their initial
discovery, triphenylenes have garnered a significant amount of attention from liquid
crystal scientists and triphenylene-based materials have matured into one of the largest
classes of discotic liquid crystals.37 Due to this, there are now a variety of triphenylene
derivatives that are easily accessible, thermally and chemically stable, show a variety of
mesophases, and have charge-transport properties that are promising for a variety of
future applications.38,39
Perylene is also an important core for discotic liquid crystals. Although initially
limited by their poor solubility, the introduction of carboxylic acid functional groups
allowed for the preparation of perylenebisimides (PBI) which displayed columnar
mesophases.40,41 Since their initial discovery, perylenebisimides have become a point of
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interest for liquid crystal chemists, since their electronic properties make them wellsuited for potential applications as n-type semiconductors.19
Hexabenzocoronene (HBC) is another important PAH core for discotic liquid
crystals.

First described by Müllen and co-workers in 1999,42 hexa-peri-

hexabenzocoronene and its derivatives are some of the largest known PAHs to exhibit
liquid crystalline behaviour.43 Due to their broad mesophases, HBC and its derivatives
have been shown to have potential applications in a variety of proposed devices
including field effect transistors and photovoltaic cells.18 Representative examples of
triphenylene, perylene, and hexabenzocoronene based discotic liquid crystals can be
seen in Figure 1-8.

Figure 1-8: Representative hexaalkoxytriphenylene (HAT), perylenebisimide (PBI), and
hexabenzocoronene (HBC) based liquid crystals
1.4.2 Charge Transport Properties
Polycyclic aromatic hydrocarbons have a number of useful properties that make
them important in the synthesis of liquid crystalline compounds, including excellent
charge transport properties which arise from the characteristically low HOMO-LUMO
gap of this family of compounds.44 When discotic mesogens self-assemble to form
11

columnar stacks, they organize into microphase segregated columns – the aromatic cores
of the molecules pack together and are surrounded by the insulating alkyl chains.45 In
these columnar stacks, the average distance between the aromatic cores is approximately
3.5 Å. At this distance, there is π-π orbital overlap of adjacent molecules, allowing for
the formation of a conduction band (Figure 1-9) where electron delocalization and
charge transport can occur.19 Due to the alkyl chains surrounding the columnar stacks,
the transport of electrons can only occur along the axis of the columns; therefore,
columnar liquid crystals can be thought of as one-dimensional semiconductors.24
Essentially, due to the characteristically low HOMO-LUMO gap of polycyclic aromatic
hydrocarbons, the PAH core of liquid crystalline molecules can often be easily oxidized
or reduced. Then, due to the close position of the molecules in the columnar stacking
arrangements, the electron can move along the column and carry the charge with it.

Figure 1-9: Formation of electronic band from single molecule to column19
1.4.3 The Effect of Molecular Structure
To be useful in applications, however, liquid crystalline materials must display a
columnar phase over a broad temperature range, including ambient temperatures.
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Therefore, an understanding of the factors that influence mesophase temperature range
is important for the design of new materials.
Size of the aromatic core is one factor that influences liquid crystalline
temperature range. Large aromatic molecules are known to possess mesophases over
broad temperature ranges. It was often theorized that increasing the size of the core
while maintaining minimal constraint around it would avoid crystallization and promote
liquid crystallinity.46 While the previously mentioned benzene-derived liquid crystals
displayed columnar phases over just a few degrees (refer to Table 1-1) some
hexabenzocoronene47 and phthalocyanine derivatives have displayed columnar phases of
over 300 degrees.48
In addition to the importance of the size and shape of the aromatic core, the
nature of the substituents attached to the aromatic core have also been shown to have a
significant effect on the ability of a compound to form a liquid crystalline phase. For
example, it has been observed that varying the length of the side chains surrounding the
aromatic core can have a large influence on the overall temperature range at which the
mesophase occurs.49–51 In addition, while different substituents can influence the overall
liquid crystalline temperature ranges in different ways, it is believed that PAHs bearing
electron withdrawing substituents result in increased dispersion interactions that
promote π-stacking and, therefore, have an increased propensity to form columnar
phases.52
The symmetrical triphenylene molecule, hexaalkoxytriphenylene (HAT)
demonstrates the effect that changing the alkoxy chain length and functional groups on
the core of the molecule can have on the mesophase behaviour of a compound (Figure
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1-10).

For example, increasing the length of the alkoxy chains attached to the

triphenylene core results in a decrease in the overall breadth of the liquid crystalline
temperature range (Table 1-2).53 Similarly, a switch from relatively electron-rich alkoxy
chains to more electron-withdrawing ester linkages to give a hexaestertriphenylene
derivative (HET) results in higher clearing points and an overall increase in the breadth
of the liquid crystalline temperature range, even though the core size remains constant
(Table 1-2).53

Figure 1-10: Triphenylene-based discotic liquid crystals53
Table 1-2: Phase transition temperatures of triphenylene discotic liquid crystals. I is
an isotropic liquid, Col is a columnar phase and Cr indicated a crystalline solid phase.
Structure
Phase Transition Temperature (oC)
Reference
Cr 68 Col 97 I
53
HAT-6
Cr 67 Col 86 I
53
HAT-8
Cr 58 Col 69 I
53
HAT-10
Cr
108
Col
120
I
53
HET-6
Cr 62 Col 125 I
53
HET-8
Cr
67
Col
121
I
53
HET-10
Wu and co-workers recently reported a series of triphenylenecarboximides that
also fit this trend (Figure 1-11). With this series, the imide substituents attached onto
the triphenylene core combine an electron withdrawing nature with the flexibility of an
alkyl chain. When compared to the previously mentioned triphenylene derivatives, the
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addition of the imide groups results in a dramatic broadening of the liquid crystalline
temperature range and an increase in the clearing points of the materials (Table 1-3).54

Figure 1-11: Triphenylenecarboximide discotic liquid crystals54
Table 1-3: Phase transition temperatures of triphenylenecarboximide liquid crystals. I
is an isotropic liquid, Col is a columnar phase and Cr indicated a crystalline solid
phase.
Structure
Phase Transition Temperature (oC)
Reference
Cr 158 Col 228 I
54
TCx-8
Cr 46 Col 218 I
54
TCx-12
The overall symmetry of the mesogen can also have a substantial effect on the
overall temperature range of the liquid crystalline phase. The mono-functionalized
hexaalkoxytriphenylene (MHAT) molecule is one example that shows the effects of
unsymmetrical aliphatic side chains (Figure 1-12).

As a single side chain of the

molecule is changed from a hexyloxy chain to an octyloxy chain, a depression of the
melting transition temperature of over 10 oC is observed (Table 1-4).55 In addition,
when the side chain is changed to a decyloxy chain, a further depression of both the
melting transition temperature and the clearing point is observed (Table 1-4).55
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Figure 1-12: Asymmetrical triphenylene discotic liquid crystal55
Table 1-4: Phase transition temperatures of asymmetrical triphenylene discotic liquid
crystals. I is an isotropic liquid, Col is a columnar phase and Cr indicated a crystalline
solid phase
Structure
Phase Transition Temperature (oC)
Reference
Cr 67 Col 98 I
55
M6HAT6
Cr 55 Col 91 I
55
M8HAT6
Cr 45 Col 72 I
55
M10HAT6
Recently, Williams and co-workers explored the effects of molecular shape and
symmetry on a series of structurally related dibenzophenazines.56 By preparing several
series of isomeric dibenzophenazines that differed only in the position of the hexyloxy
and decyloxy chains around the central core, they also found that the substitution pattern
had a greater influence on the melting transition temperature than on the clearing
temperature for these compounds; although, these results were also influenced by the
overall molecular shape of the mesogen.56

These results again demonstrate the

sensitivity of mesophase behaviour with respect to the structure of the mesogen.

1.5 Discotic Dimers
Thus far, the discussion of liquid crystals has focused on mesogens composed of
a single aromatic core. However, discotic dimers, which have flexible alkyl chains
linking two discotic moieties, also exist. With their flexible linking groups, these
molecules could adopt either an unfolded or a folded conformation (Figure 1-13). The
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preferred conformation of these materials, which is influenced by the identity of the
alkyl chain, the nature of the side chains and substituents, and the interplay between the
two disks, has a great influence on the overall phase behaviour, properties, and selfassembly of the material.57

Figure 1-13: Schematic representation of the unfolded and folded conformations of a
discotic dimer
Much of the pioneering work in this field was performed by Ringsdorf and coworkers. They prepared a discotic dimer by linking two triphenylene molecules via a
mesogenic azobiphenyl moiety.39 Since then, several other examples of discotic dimers
have been prepared and studied in the literature.

Recently, these materials have

garnered an increased degree of interest due to their tendency to form highly-ordered
glass phases on cooling.28
Among the most studied discotic dimers are triphenylene dimers linked via a
flexible linker;6,39,58 although other examples, including triphenylene dimers linked via
rigid linkers,59 and discotic dimers based on benzene,60,61 phthalocyanine,62 and
hexabenzocoronene63 have also been reported in the literature.
To date, discotic dimers found in the literature display a columnar phase only
when the linking group is long enough (generally equal to or longer than the side
chains), and do not display mesomorphism with shorter linking groups.39 This is likely
because the dimers adopt an unfolded conformation and the linking group must,
therefore, be long enough to span the distance between columns.58 Recently, however,
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there have been some exceptions to this rule, with the dimers instead adopting a folded
conformation.57,64 These recent results indicate that, despite the increasing interest in
discotic dimers, the phase behaviour and self-assembly of this family of liquid
crystalline materials is not yet fully understood.

1.6 Mesophase Characterization
1.6.1 Polarized Optical Microscopy
Polarized optical microscopy (POM) is a technique that can be used for initial
characterization of liquid crystals.

A polarized optical micrograph can be used to

empirically classify the observed mesophase of a liquid crystalline material, based on
the different characteristic textures that are observed for each of the mesophase types.
For example, Figure 1-14 shows the characteristic dendritic texture that is observed with
hexagonal columnar mesophases. To fully identify the mesophase, however, further
characterization, such as powder x-ray diffraction is needed.

Figure 1-14: The texture of a columnar hexagonal mesophase under a polarized
optical microscope
Polarized optical microscopy works on the principle of birefringence. Liquid
crystalline compounds are optically birefringent, meaning that the materials have a
different refractive index depending on the orientation of the sample.5 This can be
detected using polarized optical microscopy. A polarized optical microscope contains
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two linear polarizing filters that are perpendicular to each other. Since liquid crystals
are birefringent, when a liquid crystalline material is placed between the polarizers, the
plane polarized light is rotated as it passes through the sample, and is transmitted
through the cross-polarizers resulting in an image. In contrast, isotropic liquids, which
are not birefringent, appear black via POM.

Furthermore, many polarized optical

microscopes are equipped with a heating stage that allows the sample to be heated or
cooled, so that in addition to detecting the presence of a liquid crystalline phase, the
approximate transition temperatures for that phase can also be determined.

Figure 1-15: Phase changes from crystalline solid, to liquid crystalline mesophase, to
isotropic liquid, as viewed under a polarized optical microscope
1.6.2 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is a technique that can be used to
further characterize the mesophase temperature range of a liquid crystal. DSC measures
the rate and degree of heat change as a function of time.65 This allows for phase
transitions to be detected with a greater degree of accuracy than can be achieved using
POM.
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In this technique, the desired sample is cyclically heated and cooled alongside a
reference cell. When the sample undergoes a phase transition, more or less heat is
required to maintain a constant temperature between the sample and the reference,65
dependent on whether the transition is an exothermic or an endothermic process. For
example, a transition from a solid to a liquid crystal, which is an endothermic process,
requires more heat to maintain a constant temperature between the sample and the
reference cell; whereas a transition from a liquid to a liquid crystal, which is an
exothermic process, requires less heat. The difference between the sample and the
reference provides both the enthalpy of the transition and the precise temperature at
which the transition occurred. A typical DSC trace can be seen in Figure 1-16, where
the peaks correspond to the phase transition temperatures and the enthalpies of these
transitions are found via integration under the curve.

Figure 1-16: A representative DSC of a liquid crystalline compound showing crystal
(Cr) to columnar (Col) and columnar to isotropic liquid (I) transitions
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With liquid crystalline materials, a DSC typically shows two transitions: a solid
to liquid crystal transition and a liquid crystal to liquid transition. In contrast, a material
that does not have a liquid crystalline phase would show only one transition from solid
to liquid. The data generated by DSC can be used to corroborate the data observed via
POM. Some DSC traces, however, may also show transitions that may not be visible by
microscopy. One example of this type of transition could include a cold crystallization
peak, which results when the material undergoes a small amount of crystallization upon
heating in the DSC.66 Other examples include transitions from a liquid crystal to a
glassy phase or a transition from one distinct columnar phase to another distinct
columnar phase.
1.6.3 Powder X-Ray Diffraction
Powder X-ray diffraction is a technique used for structural characterization of
materials by using X-ray on powdered samples.67 Powder x-ray diffraction can be used
to more accurately identify the type of mesophase demonstrated by a liquid crystalline
material. In this technique, an X-ray is passed through a sample in the liquid crystalline
state. As it passes through the sample, the X-ray is scattered in multiple dimensions. It
is then collected by a detector, averaged, and projected onto one dimension, leading to
smooth diffraction rings around the axis of the beam.
X-ray diffraction can give the long range intercolumnar spacing and the
symmetry of packing of a material in the columnar phase.

For example, with a

hexagonal columnar packing arrangement, the (100) and (110) reflections are commonly
observed (Figure 1-17).

Using Bragg’s Law, these measurements can be used to
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calculate the distance between two columns in the columnar stack based on their
trigonometric relationship (Figure 1-17).

Figure 1-17: A representation of the planes typically seen with a hexagonal columnar
stacking arrangement
1.6.4 Cyclic Voltammetry
Although cyclic voltammetry (CV) is not a mesophase characterization
technique, it is still an important form of characterization for liquid crystalline materials.
CV is an electrochemical technique that is used to investigate the oxidation and
reduction processes of the desired material.68

To perform CV, the sample is first

dissolved in a quiescent solution. CV then works by cycling the potential of a stationary
electrode immersed in the solution in both a cathodic and anodic direction, and
measuring the resulting current.65

This allows for reversible, quasi-reversible, and

irreversible oxidations and reductions to be observed for the material. Finally, by
running a scan against an internal standard such as ferrocene, the redox potentials with
respect to ferrocene can be determined. This information can be used to generate the
HOMO and LUMO energies of the desired material, which are important for
determining if the material is suitable for potential device applications. A typical CV
trace can be seen in Figure 1-18.
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Figure 1-18: A representative CV trace showing a quasi-reversible oxidation and
reduction with respect to ferrocene

1.7 Applications of Discotic Liquid Crystals
Due to their decreased dipole moment and increased viscosity in the liquid
crystalline state, discotic liquid crystals are not suitable for the same types of
applications as calamitic liquid crystals.19 They do, however, have their own niche, with
potential applications in organic semiconductors and organic electronics.
A semiconductor is a material that has a HOMO-LUMO band gap that is
intermediate between an insulator and a conductor. Unlike conductors, which conduct
charge easily, or insulators, which do not conduct charge; semiconductors require an
input of energy to promote electrons to the conduction band. Discotic liquid crystals are
ideal for potential applications in organic semiconductors because they possess an
intermediate band gap.16
With the increased demand for green energy sources, discotic liquid crystals
have the potential to be used as organic solar cells. Currently, solar cells use inorganic,
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silicon-based materials. While these materials are attractive due to their adequate power
conversion efficiencies and high stability; they are also very expensive and the required
thin films are difficult to prepare. In contrast, organic semiconductors are an attractive
alternative due to their relatively low cost and because it is relatively easy to prepare
thin films while still maintaining a system with a high degree of order.69
While there are several literature examples of materials that have properties
which are suitable for organic solar cells, a significant contribution to the field came
from Müllen and co-workers who prepared a complete solar cell using discotic liquid
crystals18 (Figure 1-19).

Figure 1-19: A schematic representation of the solar cell produced by Müllen and coworkers 18
This cell is an example of a p/n type solar cell. An n-type semiconductor
transports electrons; while a p-type semiconductor transports the ‘holes’ left behind
once an electron has been liberated. Solar cells work by photoexciting the organic
material to produce excitons - a promoted electron and the hole that it leaves behind.
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Using a p/n heterojunction ensures that the electron and hole do not recombine too
quickly, thereby increasing the efficiency of the solar cell.70 In this example, the solar
cell used a hexa-peri-hexabenzocoronene discotic liquid crystal as the electron-rich
material and perylene crystals as the electron-poor material.18 Unfortunately, while the
system did behave as a solar cell, the power conversion efficiency was only 1.95%.18
Recently, Kumar and co-workers explored the effect of inserting a layer of a
discotic liquid crystalline material into a bulk heterojunction solar cell.71 A layer of
hexabutyloxytriphenylene was inserted between the active layer and the hole
transporting layer of a carbazole co-polymer and fullerene based photovoltaic cell.71
The devices with the inserted liquid crystalline layer were found to perform better than
the reference cells; although the overall power conversion efficiency was still only
5.14%.71
Insufficient long term stability and low power conversion efficiencies are
currently the main drawbacks for organic-based solar cells. The power conversion
efficiencies for organic materials are, at most, 5%, compared to 40% for their inorganic
counterparts or up to 11% in dye-sensitized hybrid organic/inorganic solar cells.5
Therefore, the charge transport properties of discotic liquid crystals must be
dramatically improved before organic solar cells can compete.
Discotic liquid crystals also have the potential to be used in organic light
emitting diodes. Light emitting diodes (LEDs) also work on the principle of a p/n
junction. In these devices, an electric field is applied resulting in the movement of holes
and electrons in their respective layers. When these layers combine at an interface, light
is produced.

Discotic liquid crystals have both been shown to have potential
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applications both in the electron transporting (n-type) and hole transporting (p-type)
layers. In particular, triphenylene derivatives are often used in the hole transporting
layer, while perylene derivatives have been successfully used in the electron
transporting layer.19 For example, the research groups of Bock and Kitzerow have
described an all-columnar p/n junction organic LED that uses hexaalkoxytriphenylenes
as the hole-transporting layer and 3,4,9,10-tetra(alkoxycarbonyl)perylenes as the
luminescent electron-transporting layer.72–74 In addition, recently, there has also been
the preparation of a single-layered cell where the discotic bridged-triphenylene unit
acted as both the electron and hole transporting layers.75
Discotic liquid crystals have many properties that are desirable for future
potential applications. Currently, however, the biggest challenge to overcome is that the
relationship between molecular structure and liquid crystalline properties for discotic
liquid crystals is not yet well-understood, making the design of materials for specific
applications very difficult. This makes the synthesis and characterization of novel
discotic liquid crystalline materials an attractive field of research.

1.8 Previous Work
Since their initial discovery, hexaalkoxytriphenylenes (1) (Figure 1-20) are some
of the most extensively studied compounds that exhibit a columnar mesophase.6 To
date, more than 1000 triphenylene derivatives have been studied and their liquid
crystalline properties investigated.37 These compounds, however, traditionally exhibit
relatively high melting points and narrow temperature ranges, limiting their potential
device

applications.19

In

comparison,

10,13-dimethyl-2,3,6,7,11,12-

hexakis(hexyloxy)dibenz[a,c]anthracene (2), which shows an elongation of the aromatic
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core by one benzene ring and methyl substituents at the 10 and 13 positions, exhibits a
columnar phase from 35-88 oC; suggesting that increasing the core size can effectively
increase the columnar temperature range.76
Building upon this idea, our group synthesized a hexaalkoxytrinaphthylene (3),77
which extends the triphenylene core by one benzene ring in each direction. Due to the
larger core size, we anticipated that this molecule would display a broader columnar
temperature range and would possibly be a liquid crystal at ambient temperatures.
Instead, the material did not display any liquid crystalline behaviour.77
In contrast, Ong and co-workers synthesized a heterocyclic analogue of
compound 3, hexakis-(decyloxy)diquinoxazlino[2,3-a:2′,3′-c]phenazine (4), which
demonstrated a columnar phase from 86-215 oC.78

While compounds 3 and 4 have

aromatic cores of the same size, compound 4 contains electron-withdrawing nitrogen
atoms within the core while compound 3 does not. Similarly, the Williams group
successfully synthesized hexaalkoxydibenzo[a,c]phenazine (5), which also displayed a
broad liquid crystalline phase.79

These results suggest that an electron-deficient

aromatic core is important to promote columnar behaviour.
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Figure 1-20: Discotic triphenylenes and their extended analogues
1.8.1 Substituted Hexaalkoxydibenz[a,c]anthracene Derivatives
Inspired

by

these

results,

our

group

synthesized

a

series

of

hexaalkoxydibenz[a,c]anthracenes (Figure 1-21) using a modular approach developed in
our laboratory. In this series, R and R’ are alkyl chains of varying lengths and X and Y
are various substituents, ranging from electron-donating methyl groups to electronwithdrawing cyano substituents.

When the X and Y positions were occupied by

hydrogen atoms, no liquid crystalline phase was observed. However, when one or both
of the X and Y positions were occupied by a substituent, a columnar phase was
observed; with the identity of the substituent affecting the overall temperature range of
the columnar mesophase.80,81 With this series, although a columnar phase was observed
regardless of whether the substituent present was electron-donating or electron-
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withdrawing; electron-withdrawing groups were observed to stabilize the liquid
crystalline phase.80,81

Figure 1-21: Previously synthesized hexaalkoxydibenz[a,c]anthracene series80
This result fits in nicely with additional studies by Ichihara, Akopova, and
Williams that also demonstrate that electron-withdrawing substituents are important in
stabilizing columnar phases (Figure 1-22).82,83,52 Ichihara and co-workers prepared a
series of cyano-substituted tetraalkoxytriphenylenes (7).82 In this triphenylene series
two of the alkoxy chains have been replaced with electron-withdrawing cyano groups.
Despite the loss of two flexible chains, these compounds still demonstrate columnar
temperature ranges that are equal to or broader than those displayed by the parent
hexaalkoxytripenylenes.82

Akopova et al. prepared a series of substituted

hexaalkoxytriphenylenes (8), which demonstrated a much broader mesophase when an
electron-withdrawing nitro group was present at the X position then when an electrondonating amino group was present.83 Similarly, the Williams group synthesized a series
of substituted dibenzophenazines, where the substituents were varied from electrondonating to electron-withdrawing (9). This series demonstrated a liquid crystalline
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phase only when electron-withdrawing substituents were present; when electrondonating substituents were present, no columnar phase was observed.52 These results
further support the theory that electron-withdrawing groups are important in promoting
columnar behaviour.

Figure 1-22: Substituted discotic mesogens
1.8.2 Substituted 2,3,6,7-tetrakis(alkyloxy)dibenz[a,c]anthracenes
Next,

our

group

synthesized

a

series

of

substituted

2,3,6,7-

tetrakis(alkyloxy)dibenz[a,c]anthracenes, substituted with various substituents at the 11
and 12 positions and alkoxy chains at the 2, 3, 6, and 7 positions (Figure 1-23).

Figure 1-23: Previously synthesized hexa-substituted dibenz[a,c]anthracene series84
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In comparison with the previous series, with this series, two of the alkoxy chains
have been removed and the substituents have been moved on to the lateral end of the
molecule. With these materials, a liquid crystalline phase was observed only when one
or both of the lateral substituents were electron-withdrawing cyano groups84 (Figure 124). In contrast, when the lateral substituents were either hydrogen atoms or more
electron-donating methoxy groups, no liquid crystalline phase was observed.
X = Y = H, R = C10 (10a)

Compound

X = Y = MeO, R = C10 (10b)
X = Y = CN, R = C8 (10c)
X = Y = CN, R = C10 (10d)

Cr

X = Y = CN, R = C12 (10e)

Col
I

X = CN, Y = H, R = C10* (10f)
X = CN, Y = H, R = C12 (10g)
50
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Figure 1-24: Liquid crystal ranges of the hexa-substituted dibenz[a,c]anthracene
series. The transitions are from DSC on heating.84 I is an isotropic liquid, Col is a
columnar phase and Cr is a crystal phase. *indicates that this is a monotropic phase
that occurs only on cooling.
This trend is consistent with our previous observation that electron-withdrawing
groups do stabilize the columnar mesophase. Furthermore, all of the liquid crystalline
materials display relatively high clearing points, indicative of a stable columnar phase. 84
Along with the high clearing points, however, the solid to liquid crystal transition is
relatively high as well; so, with this series, the solid phase is also stabilized.84
1.8.3 N-Substituted Dibenzanthracene Dicarboximides
Based on this result, we also synthesized a series of N-substituted 2,3,6,7tetrakis(alkyloxy)-11,12-dibenz[a,c]anthracenedicarboximides (11a-f) that differ both in
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the length of the alkoxy chains and the length of the alkyl chains attached to either end
of the molecule (Figure 1-25). Here, the use of imide groups maintains the electronwithdrawing capability of the substituent, while also maintaining a flexible chain to
promote liquid crystallinity.

Figure 1-25:
series85

Previously synthesized N-substituted dibenzanthracenedicarboximide

In contrast to the previous series, which contained rigid cyano substituents, this
series incorporated electron-withdrawing imide groups containing flexible alkyl chains.
The resulting materials displayed a broadening of the columnar phase, primarily via a
lowering of the melting transition temperature, while the high clearing points were
maintained (Figure 1-26); demonstrating that substituents that combine an electronwithdrawing nature and a flexible alkyl chain can effectively stabilize the columnar
phase of these types of compounds.85 Interestingly, however, despite their electronwithdrawing imide groups, the compounds in this series do not appear to be effective
electron-accepting materials, as evidenced by their relatively high LUMO energy.85
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This is likely the result of the electron-rich aromatic core and four electron-donating
alkoxy groups.85

C4 Imide / C10 Alkoxy (11a)
C8 Imide / C10 Alkoxy (11b)
C12 Imide / C10 Alkoxy (11c)
Cr
Branched Imide / C10 Alkoxy (11d)

Col
I

C8 Imide / C6 Alkoxy (11e)
Branched Imide / C6 Alkoxy (11f)
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Figure 1-26: Liquid crystal temperature ranges of compounds 11a-f. The phase
transitions are from DSC and are reported on heating. I is an isotropic liquid, Col is a
columnar phase and Cr indicated a crystalline solid phase.

1.9 Research Objectives
Despite the apparent trends in liquid crystalline behaviour, the overall
relationship between molecular structure and liquid crystalline temperature range is not
yet well understood. In particular, to be useful in potential device applications such as
organic semiconductors, discotic liquid crystals need to display broad liquid crystalline
phases, including ambient temperatures, and have effective charge transport properties.
Based on this, the overall goal of this project is to prepare several novel discotic
dibenzanthracene derivatives and characterize their properties in order to better
understand the relationship between chemical structure and liquid crystalline behaviour
in this class of materials

Ultimately, the goal of this research is to better understand

the self-assembly and photophysical properties demonstrated by these materials and to
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exploit this understanding for the preparation of electron-deficient materials that could
function as n-type semiconductors.
Specifically, the first goal of this research is to synthesize and characterize two
novel dibenzanthracenequinones (Figure 1-27). This will allow us to explore the effect
of electron-withdrawing quinone groups in inducing and/or promoting liquid crystalline
behaviour. In this case, neither of the dibenzanthracenes, which have been previously
prepared in our lab, have displayed any liquid crystalline behaviour. Based on our
previous work, we anticipate that, by introducing the electron-withdrawing quinone
group onto the core of the molecule we will induce a columnar phase in the material.

Figure 1-27: Target dibenzathracenequinones and their respective dibenzanthracene
precursors
A second goal of this research is to prepare a series of novel
dithienoanthracenedicarboximides (Figure 1-28).

Our previous work with the

dibenzanthracenedicarboximide series demonstrated that, while the imide groups were
able to broaden the liquid crystalline temperature range, the resulting material did not
34

act as an electron-accepting material.

One way to potentially improve the charge

transport abilities of the material would be to alter the core so that it contains
heteroaromatic rings.86 This will be accomplished by introducing thiophene rings onto
the core of the molecule which, we hope, will improve charge transport in these
materials without greatly influencing the columnar behaviour of the material.

Figure 1-28: Target dithienoanthracenedicarboximide series
Another

way

to

improve

the

electron-accepting

ability

of

our

dibenzanthracenedicarboximides would be to replace the imide substituents with
electron-withdrawing thioimide substituents. Thionation has been established as an
effective method of lowering LUMO energy levels and preparing better electronaccepting materials, yet its effects on self-assembly have not been explored.87,88
Therefore, the third goal of this research is to prepare a novel series of
dibenzanthracenedicarboxythioimides (Figure 1-29) in order to test the effects of
thionation on the self-assembly and photophysical properties of these materials. We
anticipate that replacement of the imide substituents with thioimide substituents will
result in a lowering of the LUMO energy level, thereby improving the electron
accepting-ability of the material, without greatly influencing its self-assembly.
Furthermore, by preparing a series of thionated triphenylene derivatives (Figure 1-10)
we can also compare the effect of thionation on a smaller aromatic core.
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Figure 1-29: Target thionated dibenzanthracene and triphenylene derivatives
The final goal of this research is to use our imide-based materials to form a novel
series of discotic dimers (Figure 1-30) and characterize their self-assembly as compared
to their respective monomers. Since these materials have the potential to adopt either
folded or unfolded conformations, by observing whether these compounds fold both in
solution and/or in the columnar phase, we may be better able to understand the
structure-property relationship in this class of materials.

Figure 1-30: Target discotic dimer series
Overall, the goal of this research is to explore the effects that oxidation,
heteroaromaticity, and thionation have on the self-assembly and photophysical
behaviour of dibenzanthracene-based materials. In addition, by using these materials to
form discotic dimers, we can also explore how shape influences the self-assembly of
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these materials. By characterizing both the self-assembly and photophysical properties
of these materials we hope to better understand the intermolecular interactions occurring
in this class of compounds and may, ultimately, develop materials that have future
applications in organic electronics.
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Chapter 2 Synthesis and Self-Assembly of Novel
Dibenzanthracenequinones
2.1 Introduction
In two of the previous studies performed by our group, the parent alkoxysubstituted dibenzanthracene was not liquid crystalline initially, but did display a
mesophase when substituted with electron-withdrawing substitutents80,81,84 (Figure 2-1).
These observations fit nicely with results by other researchers52,82,83 that demonstrated
the importance of electron-withdrawing groups in inducing and/or promoting liquid
crystalline behaviour.

Figure 2-1: Series previously prepared in our lab where electron-withdrawing
substituents were found to stabilize and/or induce a columnar phase.
Another way to potentially induce a columnar phase in a material is by
introducing electron-deficient quinone groups on to the aromatic core of the molecule.
There is literature precedence that discotic frameworks substituted with quinones will
demonstrate a columnar phase.

Swager and co-workers prepared a series of

triphenylene-dione half-disc mesogens (12) (Figure 2-2) that demonstrated a columnar
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phase even though the parent half-disc triphenylenes do not.89 This behaviour may
result from the increased dipole moment that is present in the quinone substituted
mesogens; which results in an anti-parallel packing of the molecules, but is not present
in the parent compound.89 In addition, Kong et al. recently prepared two additional
tetraalkoxytriphenylene-dione derivatives, both of which also displayed liquid
crystalline phases as well as broad absorption spectra that extended into the visible
range.90

Figure 2-2:
workers89

The half-disk triphenylene-dione series prepared by Swager and co-

Based on these results, here we aim to introduce quinone groups onto the
aromatic core of an alkoxy-substituted dibenzanthracene with the goal of inducing a
columnar phase in an otherwise non-mesomorphic material. The two target molecules
are shown in Figure 2-3. The dibenzanthracene precursors of compounds 13 and 14 did
not display columnar phases.

However, based on our previous observations, we

anticipate that introducing the electron withdrawing quinone groups onto the core of the
molecules will promote self-assembly in compounds 10a and 6 and induce a liquid
crystalline phase in these materials. Furthermore, the quinone functional group will
serve as a convenient synthetic handle for a wide range of post-synthetic modifications,
including thionation, ethynylation, and olefinations; that will result in novel materials
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and potentially improve on the self-assembly and photophysical properties demonstrated
by this class of materials.

Figure 2-3: Target dibenzathracenequinones and their respective dibenzanthracene
precursors

2.2 Results
2.2.1 Synthetic Approach
To access the target molecules, the substituted dibenzanthracene precursors (6,
10a) were prepared according to the procedure we had previously developed,80,84
involving a Suzuki cross coupling of an aryl boronate (15) with a substituted
dibromonaphthalene (16), followed by an oxidative ring closing (Scheme 2-1). The aryl
boronate (15) was prepared as previously described80 in three steps from commercially
available catechol. The desired substituted naphthalene derivatives (16, 17) were also
prepared according to the procedures previously developed in our lab.80,84 To access the
target compounds (13, 14), an oxidation of compounds 10a and 6 was performed using
chromium (VI) oxide in acetic acid, according to a procedure modified from Dorel et
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al.91 to give dibenzanthracenequinones 13 and 14 in yields of 25% and 22%
respectively. Unfortunately, even with prolonged reaction times the yields could not be
improved; with un-oxidized starting material as the major recovered fraction.
Scheme 2-1: Synthesis of dibenzanthracenequinones 13 and 14

2.2.2 Mesophase Characterization
Both the tetrasubstituted (13) and hexasubsituted (14) dibenzanthracenequinones
were successfully prepared. Once purified, both derivatives were tested for the presence
of a columnar phase. As we expected, the introduction of the quinone on to the aromatic
core of the hexaalkoxy derivative (6) induced a liquid crystalline phase, with the
hexaalkoxydibenzanthracenequinone (14) displaying a broad columnar phase from 40
o

C to 170 oC. Interestingly, the introduction of the quinone on to the tetraalkoxy

derivative (10a) did not induce a columnar phase in the material; with the
tetraalkoxydibenzanthracenequinone transitioning directly from a crystalline solid to an
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isotropic liquid at 122 oC. The phase behaviour of the quinone derivatives as compared
to their dibenzanthracene precursors can be seen in Figure 2-4.

Compound 10a
Compound 13
Cr
Col
Compound 6

I

Compound 14
0

50

100
Temperature

150

200

(oC)

Figure 2-4: Liquid crystal ranges of the dibenzanthracenequinones and their
precursors. The transitions are from DSC on heating. I is an isotropic liquid, Col is a
columnar phase and Cr indicated a crystalline solid phase. Phase transitions for
compounds 10a and 6 are from literature sources.80,84
The hexaalkoxydibenzanthracenequinone (14) was also observed under the
polarized optical microscope where a dendritic texture, typical of a hexagonal columnar
mesophase, was observed (Figure 2-5). The material was also analyzed using powder
X-ray diffraction by Hi Taing and Dr. Holger Eichhorn at the University of Windsor
(Figure 2-6). The (100) and (110) reflections can be used to calculate the distance
between the columns in the columnar arrangement.

Using Bragg’s Law, the

intercolumnar distance for compound 14 was determined to be 28.2 Å, which is
consistent with the molecular dimensions. This result, combined with the dendritic
textures

observed

via

polarized

optical

microscopy,

confirm

hexaalkoxydibenzanthracene (14) displays a hexagonal columnar mesophase.
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that

Figure 2-5: Polarized optical micrographs of the hexaalkoxydibenzanthracenequinone
(14) at a) 173 oC and b) 163 oC. All micrographs were taken on cooling at a rate of 10
°C∙min- 1 and were taken at 200x magnification.

Figure 2-6: X-ray diffractogram of hexaalkoxydibenzanthracenequinone 14
2.2.3 Post-Synthetic Modifications
In addition to exploring the self-assembly of the quinone derivatives, we also
planned to use the quinone as a synthetic handle for introducing other functional groups
onto the aromatic core of the molecule, in the hopes that these additions would improve
upon the self-assembly and/or photophysical properties of these materials. In order to
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achieve this goal, several post-synthetic modifications to the dibenzanthracenequinone
derivatives were attempted (Figure 2-7 and Figure 2-8).

Figure
2-7:
Attempted
post-synthetic
tetraalkoxydibenzanthracenequinone derivative (13)

modifications

to

the

Recently, thionation has been shown to both lower the LUMO energy level and
affect the self-assembly of structurally related materials.87,88 We therefore attempted to
thionate the quinone using a procedure modified from Tilley et al.92 While this method
has

worked

well

with

similar

materials

in

our

laboratory,

the

tetraalkoxydibenzanthracenequinone did not react and only starting material was
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recovered.

To try to induce a reaction, subsequent attempts were made using an

increased amount of Lawesson’s Reagent and longer reaction times but, again, only
starting material was recovered in quantitative yield.
Ethynylation was also of interest as there are several examples of discotic liquid
crystals in the literature which contain either ethynyl linking groups or ethynyl
substituents.19,24

Furthermore, this approach has been used to prepare ethynyl-

substituted acenes, which show promise as organic semiconductors.93–95

We first

attempted to add a TMS-acetylene group via a procedure modified from Anthony et
al.,95 which could then either be deprotected to expose the terminal alkyne or undergo
further functionalization.

Unfortunately, once again, only starting material was

recovered. We then attempted a Ramirez olefination to add a dibromoalkene following
a procedure modified from Chen et al.96 We hoped that the addition of this very
electron-withdrawing group would induce a liquid crystalline phase. Unfortunately, the
material once again proved to be unreactive and only starting material was recovered.
Finally, we attempted a direct borylation via a procedure modified from
Ishiyama et al.97 While this reaction would leave the quinone intact, it would also result
in an aryl boronate that could be used in cross-coupling reactions to add different
substituents

to

the

aromatic

framework.

Unfortunately,

once

again

the

dibenzanthracenequinone proved to be unreactive and only starting material was
recovered.
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Figure
2-8:
Attempted
post-synthetic
hexaalkoxydibenzanthracenequinone derivative (13)

modifications

to

the

For the hexaalkoxydibenzanthracenequinone, thionation was also attempted.
Similar to the results seen with the tetraalkoxy derivative, only starting material was
recovered.

Based on this, as well as the unsuccessful reaction attempts on the

tetraalkoxydibenzanthracenequinone, other post-synthetic modifications were not
attempted on this derivative.

2.3 Discussion
Based on these results, it is apparent that adding quinone substituents to the
aromatic framework of a discotic molecule can induce a columnar phase.

As we

expected, while the parent hexaalkoxy dibenzanthracene does not display a columnar
phase, once the quinone substituents are added a broad columnar phase is observed.
Unfortunately, the same was not observed for the tetraalkoxy derivative. The
only difference between compounds 13 and 14 is the addition of the two alkoxy chains.
Clearly, the loss of these two flexible alkyl chain negatively affects the ability of the
material to form a liquid crystalline phase.
Despite

the

loss

of

the

two

alkyl

chains,

our

tetraalkoxy

dibenzanthracenequinone (13) does closely resemble the triphenylene-diones prepared
by Swager and Kong, which do display columnar phases. In the case of Swager’s series,
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the authors suggest that the columnar behaviour is the result of an anti-parallel packing
of the mesogens, where two molecules come together to form a discotic shape.89 With
our molecule the additional benzene ring may reduce the overall dipole that favours this
type of packing. Furthermore, with the additional benzene ring, when two molecules
come together in an anti-parallel fashion, the resulting shape is more oval than discotic,
which may also negatively affect the ability of this material to form a columnar phase.

Figure 2-9: Schematic of anti-parallel packing of Swager and co-workers’ half-disk
triphenylene dione89 and our tetraalkoxydibenzanthracenequinone
Despite their differences in phase behaviours, both quinone derivatives 13 and
14 proved to be un-reactive in a variety of different chemical transformations. This lack
of reactivity may be because the quinones are sterically inaccessible. In both derivatives
the quinones are in close proximity to the aromatic rings, which may be impeding the
reactivity and may be preventing the reactants from getting close enough to the quinone
for a reaction to occur.
One method which could be used to test this theory would be to prepare a
dibenzotetracenequinone (Figure 2-10). In this case, the quinones would be located one
benzene ring further from the alkoxy chains. If it is steric hindrance that is preventing
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the dibenzanthracenes from reacting, it is likely that the dibenzotetracene would be
reactive, given that the alkoxy chains should interfere to a much lesser extent.

Figure 2-10: Proposed dibenzotetracenequinone derivative

2.4 Summary
Two dibenzanthracenequinone derivatives (13, 14) were successfully prepared.
While the addition of the quinone induced a columnar phase in the hexaalkoxyquinone
derivative, a columnar phase was not observed for the tetraalkoxyquinone derivative.
This may be due to the loss of the two flexible alkoxy chains combined with the
extension of the aromatic core which prevents efficient anti-parallel packing of the
molecules. In addition, neither quinone derivative reacted via a variety of chemical
transformations, likely due to steric effects between the alkoxy chains and the quinone.
These results show that while introducing electron-withdrawing quinones on to the
aromatic framework of the molecule can be an effective method of inducing a columnar
phase, many other factors, including molecular shape and structure, also have an effect
on the properties of the material.
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Chapter 3 Synthesis and Self-Assembly of Novel
Dithienoanthracenedicarboximides
3.1 Introduction
Our previous work with the dibenzanthracenedicarboximide series (11)
demonstrated that, while the imide groups broadened the liquid crystalline temperature
range, the resulting material did not act as an electron-accepting material.85 One way to
potentially improve the charge transport abilities of these materials would be to alter the
aromatic core so that it contains heteroaromatic rings. This could be accomplished by
using thiophene derivatives.

Figure 3-1:
series85

Previously synthesized N-substituted dibenzanthracenedicarboximide

Thiophene-based aromatic systems have been shown in the literature to have
attractive properties for use in organic semiconductors. Brusso and co-workers recently
prepared a series of substituted thienoacenes (21, 22) (Figure 3-2).86 These materials
self-assembled into a herringbone packing motif, which is more common than columnar
stacks for oligoacenes and thiophene oligomers.86 Furthermore, this series demonstrated
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favourable properties for use as p-type organic semiconductors, with unoptimized hole
mobilities of up to 7.4x10-2 cm2 V-1 s-1.86 In addition, the Brusso group later showed
that by extending the π-conjugated aromatic core via the addition of oligothiophene
substituents, optoelectronic properties could be further enhanced.98,99

Figure 3-2: Substituted thienoacenes prepared by Brusso and co-workers86
There are also several examples of thiophene-based discotic liquid crystals in the
literature. The first were discovered by the Swager group in 1996, who prepared a
series of copper(bis--diketonate) complexes stabilized by thiophene units that
displayed a columnar phase.100 Since then, additional studies have further demonstrated
the ability of thiophene cores to promote columnar phases. Eichhorn and co-workers
reported a series of bent di-, tri-, and tetracatenar liquid crystals possessing thiophene
cores that maintained broad columnar phases.101 Similarly, Demenev et al. reported a
series of hydrogen-bonded benzotrithiophenes (Figure 3-3) that also displayed broad
columnar phases from -50 to 280 oC, as well as electron mobilities of 2x10-3 cm2 V-1
s-1.102

Furthermore, Walba and co-workers recently described a hexa-peri-

benzocoronene with lateral tetrathiophene groups which self-assembled into a columnar
phase and could be aligned by the application of an electric field.103
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Figure 3-3: Hydrogen-bonded benzotrithiophene prepared by Demenev and coworkers102
Based on these results, our objective was to prepare a novel series of
dithienoanthracenedicarboximides (24) (Figure 3-4).

By maintaining the electron-

withdrawing imide functionality and the flexible alkyl chain, we hope that these
materials will still demonstrate favourable self-assembly, despite reducing the number
of alkyl chains surrounding the core. By introducing the thiophene units on to the
aromatic framework, we anticipate that this series will display better charge transport
properties than the structurally-related dibenzanthracenedicarboximide series.

Figure 3-4: Target dithienoanthracenedicarboximide series
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3.2 Results
3.2.1 Initial Synthetic Approach
The target materials were accessed via a modular synthetic approach involving a
Suzuki cross-coupling of thienylboronate (27) with a substituted naphthalene derivative
(28a, b) as seen in Scheme 3-1. First, two substituted naphthalene derivatives (28a, b)
were prepared according to literature procedures developed in our laboratory.85 The two
naphthalene derivatives had isomeric 8-carbon alkyl chains; one a linear chain and the
other a branching chain, allowing us to test the effect of the side chain on the selfassembly of these materials.

The thienylboronate was prepared by first alkylating

commercially available thiophene according to a literature procedure from Brusso and
co-workers86 to form alkylthiophene 26 in 71% yield. This was then followed by a
direct borylation according to a procedure modified from Ishiyama et al.97 to generate
the desired boronate ester (27) in 90% yield.
Compounds 27 and 28 were then coupled together via a palladium-catalysed
Suzuki cross-coupling to afford compounds 29a and b in yields of 74% and 75%
respectively. Once purified, an oxidative ring closing using iron (III) chloride in dry
DCM was used to generate the target dithienoanthracenedicarboximides (24a, b).
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Scheme 3-1: Initial synthesis of dithienoanthracenedicarboximides 24a,b

Unfortunately, the oxidative ring closing proved to be quite problematic.
Despite multiple attempts, the reaction was very low yielding. In addition, while the
target materials could be isolated and purified in small amounts, an unknown sideproduct was also consistently produced during the reaction attempts. Based on an
analysis of the NMR data of the isolated side-product (Figure 3-5), we believe that,
rather than preferentially forming the desired product, the reaction may be proceeding
through a carbocation intermediate that results in the formation of a hydrogensubstituted species (Figure 3-6) when the reaction is quenched with methanol.
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Figure 3-5: Proton NMR of the unknown side product

Figure 3-6: Proposed structure of the hydrogen-substituted side product
Experimental evidence supports the idea that the reaction may be proceeding
through a carbocation intermediate and undergoing a rearrangement upon quenching.
When the ring closing was quenched with a small amount of methanol (25 mL) and
worked up immediately, the desired product was the major product while the potential
hydrogen-substituted adduct was the minor product. In contrast, when the ring closing
was quenched with a large excess of methanol and left to stand before workup, the

54

potential hydrogen-substituted adduct was found to be the major product while the
desired product was the minor product.
3.2.2 Revised Approach to the Oxidative Cyclization
Based on this result, we attempted to find different conditions for the oxidative
cyclization in order to achieve the desired products in higher yield. While a number of
different alternatives to FeCl3 are known to be successful in ring closing reactions, we
opted to use methanesulfonic acid and DDQ in dichloromethane,104 both because these
conditions have worked successfully for us in the past and because, since the reaction is
not quenched with methanol, it avoids the possibility of a side-product forming during
this step. The revised synthetic approach can be seen in Scheme 3-2.
Scheme 3-2: Revised synthesis of dithienoanthracenedicarboximides 24a,b

In contrast to the results observed with the initial ring closing conditions, under
these conditions the ring closings proceeded cleanly, without the formation of a side55

product. Unfortunately, while there was a significant improvement in the yields of the
ring closing reactions, the yields were still modest. We believe this may be the result of
the acidic conditions hydrolyzing the imide ring and the resulting material being lost
during the work-up. To combat this, the reaction time was decreased to two minutes.
While this did result in a slight improvement in the overall yields (35-58%), the
difference was not dramatic. Nevertheless, using these conditions we were able to
isolate both target dithienoanthracenedicarboximides (24a, b) cleanly and in moderate
yield.
3.2.3 Mesophase Characterization
Both of the target ditheinoanthracenedicarboximides were successfully prepared.
Once purified, they were both tested via polarized optical microscopy and differential
scanning calorimetry for the presence of a liquid crystalline phase. Unfortunately,
neither derivative displayed a columnar phase. Compound 24a, which possesses a
branching 8-carbon alkyl chain on the imide, transitioned directly from a crystalline
solid to an isotropic liquid at 126 oC; while compound 24b, which possesses a linear 8carbon alkyl chain, melted at 139 oC (values are from DSC on heating).
3.2.4 UV-Vis and Fluorescence Spectroscopy
Despite the lack of a columnar phase, the spectroscopic properties of the
branched thiophene derivative (24a) were examined and compared to the previously
prepared dibenzanthracenedicarboximide substituted with the same alkyl chain (11d).
The UV-visible spectra of 24a (Figure 3-7) shows an absorbance maxima close
to 350 nm, which is similar to that observed by the dibenzanthracenedicarboximide
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(11d). There are also some weak absorption bands observed at longer wavelengths,
which are consistent with intramolecular charge transfer bands.
1
0.9
0.8

Absorbance (au)

0.7

Branched
Thiophene
(24a)

0.6
0.5

Branched
Imide (11d)

0.4
0.3
0.2
0.1
0
250

300

350

400

450

500

Wavelength (nm)

Figure 3-7: UV-Vis spectra of 1x10-5 M solutions of 11d (red line) and 24a (blue line)
in THF
When compared to the highly fluorescent dibenzanthracenedicarboximide (11d),
the emission spectrum of 24a demonstrates a significant decrease in the fluorescence of
the material (Figure 3-8). This result is consistent with heavy atom effects105,106 from
the sulfur atoms that are often observed in thiophene based materials.107,108
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Figure 3-8: Emission spectra of 2x10-6 M solutions of 11d (red line) and 24a (blue line)
in THF. Results from excitation at 350 nm for 11d and 353 nm for 24a.

3.3 Discussion
Unfortunately,

while

we

were

able

to

synthesize

our

target

dithienoanthracenedicarboximide series (24), neither derivative displayed a liquid
crystalline phase. This may be the result of the decreased number of alkyl chains around
the aromatic core of the molecule. In addition to the loss of flexibility that results from
the decreased number of alkyl chains, this also results in the overall shape of the
molecule deviating from the idealized disc-shape, which may also negatively affect the
ability of this material to form a columnar phase.
Perhaps the most interesting aspect of this series is the difficulties that were
faced with the oxidative ring closing reaction.

The mechanism of this particular

reaction, also known as a Scholl reaction, is not well understood in the literature.
Currently, there are two proposed mechanisms for this reaction:
mechanism and the cation-radical mechanism (Figure 3-9).

the arenium-ion

In the arenium-ion

mechanism, one aromatic group is protonated to form a carbocation.109 This can then
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undergo an electrophilic aromatic substitution-like mechanism to form the new carboncarbon bond; followed by dehydrogenation to restore aromaticity.109 The radical-cation
pathway initially requires a 1-electron oxidation of the aromatic group to form the cation
radical.110 This then undergoes carbon-carbon bond formation to yield a distonic radical
cation which, upon the loss of a proton and a hydrogen atom, restores aromaticity to the
system.110

Figure 3-9: Schematic representation of the arenium-ion mechanism109 and the cationradical mechanism110 of the Scholl reaction109
There is support for each of the proposed mechanisms. For example, the cationradical mechanism is supported by the fact that strong oxidants are needed for Scholl
reactions to occur – oxidants that are strong enough to perform the 1-electron oxidation
that is needed for this mechanism to occur.110 In contrast, Scholl reactions can also
undergo unexpected rearrangements and alkyl shifts that would support the arenium-ion
mechanism.111
Based on the unknown side-product that was formed during our initial ringclosing attempts (refer to Figure 3-6), we believe our material is proceeding through a
carbocation intermediate. In this material, the carbocation must be somewhat stabilized,
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allowing it to undergo an unexpected rearrangement upon quenching. This result would
seem to support the arenium-ion mechanism for the oxidative ring closing of this
material.

3.4 Summary
Two dithienoanthracenedicarboximides were successfully prepared (24a, b).
Unfortunately, neither derivative displayed a columnar phase, with both transitioning
directly from a crystalline solid to an isotropic liquid upon heating. This result may be
due to the combined effects of the loss of two flexible alkyl chains as well as a deviation
from the ideal disc-shape for this class of materials.
Interestingly, the oxidative ring closing proved to be problematic for these
materials. When the usual FeCl3 / DCM system was used, the reaction was low-yielding
and occurred with the formation of an unexpected side-product; which may provide
some insight into the poorly understood mechanism for this reaction. When DDQ and
methansulfonic acid in THF were used to accomplish the ring closing the reaction
proceeded without the formation of a side-product; although the yields were still
relatively low, which may be due to the acidic conditions hydrolyzing the imide ring.
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Chapter 4 The Effect of Thionation on the Self-Assembly of a
Novel

Series

of

Substituted

Dibenzanthracenes

and

Triphenylenes1
4.1 Introduction
Another way to potentially improve the electron-accepting ability of an organic
material is via thionation. Thionation involves the replacement of oxygen in groups
such as ketones, esters, and amides, with sulfur to form thioketones, thioesters, and
thioamides.

Thionation can be accomplished using a reagent such as Lawesson’s

Reagent; and has recently been shown to be an effective method for preparing electrondeficient materials and improving charge transport efficiencies.
To date, much of the work in the literature has focused on the thionation of
naphthalene diimides and perylenebisimides (Figure 4-1). These imide-based materials
are important as electron-deficient materials due to their favourable properties, including
high photochemical stability, ease of synthetic modification, and their charge transport
properties.112–117 Both perylenebisimides and naphthalene diimides also self-assemble
both in solution and in the solid phase.118–122
Recently, several studies have been presented in the literature that have
demonstrated that replacing the imides with thioimides in these materials leads to a
lowering of the LUMO energy level and a narrowing of the HOMO-LUMO band gap;
thereby improving their electron-accepting ability.88,123–128 However, thionation is also
of interest for a variety of other applications in the literature. For example, thionation
1

Sections of this chapter have already been published in a peer-reviewed journal article. The reference is:
Psutka, K.M.; Maly, K.E. RSC Adv. 2016, 6, 78784-78790.
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has also been shown to result in a narrowing of the HOMO-LUMO band gap of donoracceptor polymer materials,129 which are of interest for organic semiconducting devices,
and has also been used to tune the spectroscopic properties of electron-accepting
aminobenzoate derivatives.130 Furthermore, thionation of biologically active molecules
has also been shown to produce materials with different biological properties.131 For
example, Pollum and co-workers recently showed that 4-thiouracil displays increased
photoreactivity as compared to its imide counterpart.132
In addition to these studies, Zhang and co-workers recently prepared a series of
naphthalene diimides where the imides were systematically replaced by thioimides
(Figure 4-1).133 They found that increasing thionation led to lower LUMO energy levels
and enhanced charge mobilities.133

Similar results were achieved with the

perylenebisimide series prepared by Seferos and co-workers (Figure 4-1). The results of
this work showed that increasing thionation led to lower LUMO levels and increased
electron mobilities, with the fully thionated derivative possessing an electron mobility
two orders of magnitude higher than the parent compound.92 In addition, their work
demonstrated that the thionated materials displayed increased surface roughness and
more continuous grain boundaries than the parent imide materials.92

This result

suggests that, in addition to the improved electron-accepting ability of these compounds,
thionation may also influence their self-assembly. Despite this promising approach,
however, little work has been done to explore the effect of thionation on self-assembly;
particularly on the columnar phases of liquid crystalline materials.
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Figure 4-1: The naphthalene diimide series prepared by the Zhang group133 and the
perylenebisimide series prepared by the Seferos group92
Based on these results, our goal is to study the effects of thionation on selfassembly by systematically replacing the imides of a dibenzanthracenedicarboximide
with thioimides (Figure 4-2). The previously prepared dibenzanthracenedicarboximides
(series 11) demonstrated broad columnar phases, but were not effective electron
accepting materials; as evidenced by their relatively high LUMO energy levels. The
systematic thionation of these materials will allow us to study the effects of thionation
on both columnar phase formation and solution self-assembly.

Furthermore, by

performing the same studies on a series of thionated triphenylenes we can also explore
the effect of thionation on the self-assembly of materials with a smaller core size. We
anticipate that, by replacing one or both of the imides with thioimides, we will be able to
tune the self-assembly of these systems and prepare materials with low LUMO energy
levels that are attractive for potential device applications in organic semiconductors.
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Figure 4-2:
Parent dibenzanthracenedicarboximide (11) and target thionated
derivatives (30, 31)

4.2 Synthetic Approach
4.2.1 Synthetic Approach to the Dibenzanthracene Series
The synthetic approach to the monothionated (30) and dithionated (31)
dibenzanthracene derivatives can be seen in Scheme 4-1.

To access the target

compounds the parent dibenzanthracenedicarboximide (11) was first prepared according
to the literature procedure we had previously developed.85 This involved first preparing
the desired 6,7-dibromo-2-alkyl-benzo[f]isoindole-1,3-dione derivatve (28) in six
synthetic steps from commercially available o-xylene. The previously mentioned aryl
boronate (15) was also prepared in three steps from commercially available catechol.
The aryl boronate (15) and naphthalene imide (28) were then coupled together via a
palladium-catalyzed Suzuki cross-coupling followed by an oxdiative ring closing to
generate the parent dibenzanthracenedicarboximide (11).
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From here the target monothionated (30) and dithionated (31) dibenzanthracenes
could be easily accessed in one step using Lawesson’s reagent according to a procedure
modified from Tilley et al.123 To generate the dithionated derivatives (31a,b) one molar
equivalent of Lawesson’s reagent was used and the reaction was allowed to proceed
overnight. In contrast, to generate the monothionated derivatives (30a,b) 0.5 molar
equivalents of Lawesson’s reagent was used. The reaction was monitored by TLC and
worked up after a reaction time of approximately four hours.

Unfortunately, the

monothionated derivatives were consistently produced in lower yields than the
corresponding dithionated derivatives as the material would begin dithionating before
the parent imide had fully reacted. The crude monothionated and dithionated materials
could be easily separated by column chromatography, however, and then were easily
recrystallized to generate the target materials. Derivatives with both a linear octyl chain
on the nitrogen atom and a branched octyl chain on the nitrogen atom were prepared to
further test the effects of thionation on molecular structure. The two monothionated
derivatives (30a,b) were prepared in yields of 51-54% while the dithionated derivatives
(31a,b) were prepared in yields of 70-82%.
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Scheme 4-1: Synthesis of the monothionated (30a,b) and dithionated (31a,b)
dibenzanthracene derivatives

4.2.2 Synthetic Approach to the Triphenylene Series
After the thionated dibenzanthracenes had been prepared, there was a report by
Feng and co-workers in which they accessed a series of structurally related imide
triphenylenes by installing the imide moiety in one synthetic step from the diester
precursor (Scheme 4-2).134
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Scheme
4-2:
Feng
triphenylenedicarboximides134

and

co-workers

approach

to

N-substituted

A modified version of this approach was employed in the synthesis of the
thionated triphenylene series (Scheme 4-3). The substituted dibromodiester benzene
(38) was prepared in three steps from commercially available o-xylene. The o-xylene
was first brominated using bromine to generate compound 36.12 Undergraduate student
Kegan Moran then performed an oxidation and subsequent acetylation on the resulting
product according to a literature procedure from Chen et al.135 to generate compound 38.
The aryl boronate (15) and dibromo diester benzene (38) were then coupled together via
a palladium-catalyzed Suzuki cross-coupling followed by an oxdiative ring closing to
generate the diester triphenylene (40) in good yield.
From here, the imide was installed in one synthetic step by refluxing the diester
triphenylene (40) with the desired amine and excess imidazole in o-dichlorobenzene
according to the procedure modified from Feng and co-workers.134 Using this approach
the parent imide triphenylene (41) was successfully synthesized in good yield.
At this point, the target monothionated (42) and dithionated (43) triphenylenes
could once again be easily accessed in one step using Lawesson’s reagent according to
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the procedure modified from Tilley and co-workers.123 By again varying the equivalents
of Lawesson’s reagent and overall reaction time, we could control if the monothionated
or dithionated compound was produced. This time, only mono- and di- thionated
derivatives with a branching chain on the nitrogen were synthesized, in yields of 48%
and 91% respectively.
Scheme 4-3: Synthesis of thionated triphenylene derivatives (41, 42)
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4.2.3 Comparison of Synthetic Approaches
Interestingly, because the two series were synthesized via two different
approaches, this provides the unique opportunity to compare and contrast the approaches
to determine the best way of generating these materials.
First, Feng and co-workers generate the triphenylene core in a dramatically
different way than our modular approach (refer to Scheme 4-2 and Scheme 4-3).
According to their reports, the diester triphenylene (34) can be generated in one pot
from a diaryl acetylene (33).134,136 The alkyl substituted diaryl acetylene precursors (33)
are prepared via a four step synthetic sequence from commercially available catechol.137
Still, the overall synthesis is shorter than our modular approach, which requires eight
synthetic steps to generate diester triphenylene 40. Another potential advantage to
Feng’s approach is that the diaryl acetylene precursors (33) could be substituted in a
manner that would allow for triphenylenes bearing several different chain lengths to be
prepared. Although this would further increase the number of synthetic steps, it would
be harder to accomplish using our modular approach.
One major drawback to Feng’s approach to generating the triphenylene core is
that it uses a costly second generation Grubbs catalyst134,136 (refer to Scheme 4-2).
Although our modular approach requires a palladium-catalyzed Suzuki cross-coupling
to generate the triphenylene core (refer to Scheme 4-3), this catalyst can be purchased or
synthesized in lab for a much lower cost. Another potential disadvantage of Feng’s
approach is that the cycloaddition reaction seems to proceed in lower yield for
derivatives substituted with longer alkoxy chains.134 As such, this approach may be
well-suited to derivatives with shorter alkoxy chains, but less effective for derivatives
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with longer alkoxy chans.

Based on these advantages and disadvantages, both our

modular approach and Feng’s approach to generating the triphenylene core seem viable,
depending on the materials that are available and the desired target materials.
The second difference between the two approaches is how the imide moiety is
installed (refer to Scheme 4-1 and Scheme 4-3).

The main advantage to Feng’s

approach of installing the imide is that it results in fewer synthetic steps overall. Using
the modular approach developed in our lab to generate the dibenzanthracene series
(30a,b and 31a,b), it takes 12 synthetic steps to get from the precursors to the target
materials, with overall yields of 3% to 5%. The synthesis of the triphenylene series,
which uses Feng’s approach to generate the imide, only takes 10 synthetic steps, with
overall yields of 2% to 3%.

Furthermore, if Feng’s approach was applied to the

synthesis of the dibenzanthracene series, the target materials could be synthesized in just
9 synthetic steps since the corresponding naphthalene diester compound can be
synthesized in three steps, as opposed to the four synthetic steps needed to generate the
benzene diester (38). Despite the fact that the additional steps in our modular approach
are high yielding, result in slightly higher overall yields, and use relatively green
solvents, they still require additional time and resources to complete.
The main drawback of installing the imide using Feng’s method is the difficulty
of the reaction used to generate the imide (refer to Scheme 4-2). As presented in Feng’s
paper, this reaction requires a very large excess of imidazole – 5 g is used for just 0.134
mmol of starting material.134 In addition, the reaction work-up involves a difficult
extraction to remove the un-reacted amine and imidazole, where the layers do not
separate well. Furthermore, since o-dichlorobenzene has a high boiling point and is
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difficult to remove using a rotary evaporator, the solvent must be removed in some other
way; generally via column chromatography where the solvent is eluted with hexanes and
the resulting products can be eluted afterwards.
Interestingly, however, we found several ways to improve upon this reaction.
First, we found that the reaction still proceeded cleanly with a 95% reduction in the
amount of imidazole used. Furthermore, to avoid the difficult extraction while still
removing the solvent, we found that pouring the hot solution into an excess of methanol
caused the product to precipitate from the solution. The resulting precipitate could be
collected via suction filtration while both the un-reacted amine and o-dichlorobenzene
were removed.

This modified work-up also made the subsequent purification by

column chromatography significantly easier.
Before the improvements made to this reaction, the two approaches to installing
the imide moiety were fairly even in terms of efficiency. Our method resulted in a
longer overall synthesis, but Feng’s approach involved a more difficult and hazardous
synthetic step to install the imide moiety. Given that the overall synthetic yields are
comparable, with the modifications to Feng’s imide formation reaction, this now seems
to be the most efficient way to generate these materials.

4.3 Results and Discussion
4.3.1 Mesophase Characterization
All four of the thionated dibenzanthracene derivatives (30a,b and 31a,b)
demonstrated broad columnar phases. The micrographs in Figure 4-3 show the liquid
crystal textures of all of the compounds as observed by polarized optical microscopy.
The dendritic textures are consistent with a hexagonal columnar phase.

71

Figure 4-3: Polarized optical micrographs of a) branched monothionated (30a) at 212
o
C, b) branched dithionated (30b) at 222 oC, c) linear monothionated (31a) at 212oC,
d) linear dithionated (31b) at 224oC. All micrographs were taken near the isotropiccolumnar phase transition on cooling and were taken at 200x magnification.
The two branched-chain derivatives (30a and 31a) were also analyzed using
powder X-ray diffraction by Hi Taing and Dr. Holger Eichhorn at the University of
Windsor (Figure 4-4). With these derivatives the (110) reflection was not observed.
This was also the case for the parent dibenzanthracene dicarboximide series (11).85 The
(100) reflection, however, can be used to determine the type of phase demonstrated by
the compound. Using Bragg’s Law, the intercolumnar distances were determined to be
between 26.7 Å and 27.0 Å, which is consistent both with the molecular dimensions and
with the previously determined intercolumnar distances for the parent imides. These
results, combined with the dendritic textures observed via polarized optical microscopy,
confirm that derivatives 30a and 31a exhibit hexagonal columnar mesophases. This
result was expected as the parent dibenzanthracenedicarboximides were previously
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shown to display hexagonal columnar phases.85

The x-ray diffraction data is

summarized in Table 4-1.

Figure 4-4: Representative X-Ray diffractogram of compound 31a
Table 4-1: X-Ray diffraction data for compounds 11d, 30a, and 31a
Compound
11d85
30a
31a

X,Y,R
X = Y = O, branched
X = O, Y = S, branched
X = Y = S, branched

Phase
Colh
Colh
Colh

Intercolumnar Spacing
a = 26.1 Å
a = 26.7 Å
a = 27.0 Å

Differential scanning calorimetry was used to determine precise transition
temperatures for this series. In all cases, the DSC for each of the compounds was
performed at a constant temperature change of 5

o

C·min-1 and the transition

temperatures are reported on heating. The phase behaviour of compounds 30a,b and
31a,b as well as the parent imides (11b,d) are summarized in Table 4-2.
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Table 4-2: Phase behaviour of the thionated dibenzanthracenes (30a,b and 31a,b) and
their imide precursors (11b,d) based on DSC with scan rate of 5 °C∙min-1 on heating.87
I is an isotropic liquid, Col is a columnar phase and Cr indicated a crystalline solid
phase.
Compound
11d
30a
31a
11b
30b
31b

Phase Transition Temperature (oC)
Cr 28 Colh 223 I
Cr 46 Colh 221 I
Cr 50 Colh 216 I
Cr 64 Colh 222 I
Cr 67 Colh 224 I
Cr 79 Colh 226 I

X,Y,R
X = Y = O, branched
X = O, Y = S, branched
X = Y = S, branched
X = Y = O, linear
X = O, Y = S, linear
X = Y = S, linear

The phase behaviour of compounds 30a,b and 31a,b as well as the parent imides
(11b,d) are also summarized graphically (Figure 4-5) for visual comparison between
the linear and branching chain derivatives.

Linear, X = Y = O (11b)
Linear, X = O, Y = S (30b)
Linear, X = Y = S (31b)
Cr
Col

Branched, X = Y = O (11d)

I
Branched, X = O, Y = S (30a)
Branched, X = Y = S (31a)
0

50

100

150

200

250

Temperature (oC)

Figure 4-5: Liquid crystal ranges of the thionated dibenzanthracenes (30a,b and 31a,b)
and their imide precursors (11b,d). The transitions are from DSC on heating. I is an
isotropic liquid, Col is a columnar phase and Cr indicated a crystalline solid phase.87
In this series there is a slight increase in melting transition temperature with
increasing thionation.87 For example, with the branched chain derivatives, the parent
imide (11d) melts at 28 oC85 while the corresponding dithionated derivative (31a) melts
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at 50 oC.87 A similar trend is observed with the linear chain derivatives. This suggests
that thionation is stabilizing the crystalline phase of these materials, likely due to
improved intermolecular interactions with the polarisable sulfur atom.87 The clearing
points for all of the derivatives are quite similar, suggesting that thionation does not
greatly impact mesophase stability.87

Interestingly, however, different trends are

noticed when the clearing points of the branched chain and linear chain derivatives are
compared. With the branched chain derivatives there is a slight decrease in clearing
point with increasing thionation; while the linear chain derivatives show a slight
increase in clearing point with increasing thionation.87 This result is attributed to the
longer carbon-sulfur bond influencing the conformational distribution of the branching
side chain, resulting in a slight disruption in the mesophase packing.87
Both of the thionated triphenylene derivatives (42 and 43) also demonstrated
broad columnar phases, as did the parent imide triphenylene (41). Interestingly, the
diester triphenylene (40) also displayed a columnar phase. This contrasts with the
corresponding diester dibenzanthracene, which previous studies in our lab have shown
to decompose prior to melting.138 The micrographs in Figure 4-6 show the liquid crystal
textures of all of the compounds as seen by polarized optical microscopy. The observed
dendritic textures are again consistent with a hexagonal columnar phase.

75

Figure 4-6: Polarized optical micrographs of a) diester triphenylene (40) at 130 oC, b)
imide triphenylene (41) at 207oC, c) monothionated triphenylene (42) at 204oC, d)
dithionated triphenylene (43) at 190oC. All micrographs were near the isotropiccolumnar phase transition on cooling and were taken at 200x magnification.
All of the derivatives (40-43) were analyzed using powder X-ray diffraction by
Hi Taing and Dr. Holger Eichhorn at the University of Windsor (Figure 4-7). Here the
(110) reflection is observed (unlike the corresponding dbenzanthracenes); as well as the
(100) reflection and some alkyl halo stretching. The (100) and (110) reflections were
used to determine the type of phase displayed by the triphenylene materials. Using
Bragg’s Law, the intercolumnar distances were determined to be between 24.4 Å and
25.9 Å, which is consistent with the molecular dimensions.

In addition, these

intercolumnar distances are slightly smaller than the aforementioned values for the
dibenzanthracene derivatives; which is consistent with the slightly smaller core size of
the triphenylene molecules.

These results, combined with the dendritic textures

observed via polarized optical microscopy, confirm that all of the derivatives (40-43)
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display hexagonal columnar mesophases. The x-ray diffraction data is summarized in
Table 4-3.

Figure 4-7: Representative X-Ray diffractogram of compound 43
Table 4-3: X-Ray diffraction data for compounds40-43
Compound
40
41
42
43

X,Y
X = Y = COOMe
X=Y=O
X = O, Y = S
X=Y=S

Phase
Colh
Colh
Colh
Colh

Intercolumnar Spacing
a = 24.4Å
a = 25.5Å
a = 25.9Å
a = 25.8Å

Differential scanning calorimetry was used to determine precise transition
temperatures for this series. In all cases, the DSC for each of the compounds was
performed at a constant temperature change of 5

o

C·min-1 and the transition

temperatures are reported on heating. The phase behaviour is summarized in Table 4-4.
Interestingly, the diester triphenylene (40) also displayed a cold crystallization peak at
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58 oC, prior to the melting transition. This results from the rearrangement of amorphous
regions into a crystalline phase upon heating.66
Table 4-4: Phase behaviour of the thionated triphenylenes (42, 43) and their precursors
(40, 41) based on DSC with scan rate of 5 °C∙min-1 on heating. I is an isotropic liquid,
Col is a columnar phase and Cr indicated a crystalline solid phase.
Compound
40
41
42
43

Phase Transition Temperature (oC)
Cr 73 Colh 135 I
Cr 57 Colh 209 I
Cr 63 Colh 206 I
Cr 81 Colh 192 I

X,Y
X = Y = COOMe
X=Y=O
X = O, Y = S
X=Y=S

The phase behaviour of compounds 41, 42 and 43 are also summarized
graphically (Figure 4-8) for visual comparison.

X = Y = O (41)

Cr

X = O, Y = S (42)

Col
I
X = Y = S (43)

0

50

100

150

Temperature

(oC)

200

250

Figure 4-8: Liquid crystal ranges of the thionated triphenylenes (42, 43) and their
imide precursor (41). The transitions are from DSC on heating. I is an isotropic liquid,
Col is a columnar phase and Cr indicated a crystalline solid phase.
The trends noticed for the triphenylenes are very similar to those noticed for the
dibenzanthracene series, although they are slightly more dramatic.

Overall, the

columnar phases for the triphenylenes are narrower with lower clearing points than for
the corresponding dibenzanthracenes. An increase in the melting transition temperature
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with increasing thionation is still observed, with the parent triphenylene imide (40)
melting at 58 oC and the dithionated triphenylene (43) melting at 81 oC. Increasing
thionation seems to have a slightly larger effect on the clearing points of the
triphenylenes than for the dibenzanthracenes. Again, a decrease in clearing point with
increasing thionation is observed. Given that these derivatives also have a branched
chain this seems to further support the idea that the longer carbon-sulfur bond is
influencing the conformational distribution of the side chain and affecting the packing of
the mesophase.
4.3.2 Concentration Dependent NMR Studies
In order to further explore the self-assembly of these materials their selfassociation in solution was investigated.

Other discotic systems, such as

hexabenzocoronenes139 and phthalocyanines140 have been shown to self-assemble into
dimers or higher aggregates in solution. This can be probed via variable concentration
NMR as the aggregates will exhibit different chemical shifts than the corresponding
monomers in solution; and the observed chemical shifts will change as the proportion of
monomer decreases.77,141–145
To study the solution self-assembly of these materials, a 0.05 M stock solution of
each compound was prepared. Subsequent dilutions were performed and the resulting
chemical shifts of the aromatic signals were recorded. The dimerization constant was
determined by fitting the data to the following equation:146
𝑃 = (𝑃𝑑 − 𝑃𝑚 ) (1 +

1 − √8𝐾𝐸 𝐶 + 1
) + 𝑃𝑚
4𝐾𝐸 𝐶

where P is the measured chemical shift, Pd is the theoretical shift of the dimer, Pm is the
theoretical shift of the monomer, C is the concentration, and KE is the equilibrium
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constant for dimerization. For a full description of how the solution self-assembly
studies were performed, please see Appendix 1.
All six of the dibenzanthracene derivatives showed upfield chemical shifts with
increasing concentration, consistent with aggregation in solution. A plot of chemical
shift of the aromatic proton NMR signals as a function of concentration for each
derivative was plotted to a curve for monomer–dimer aggregation146 (Figure 4-9) and
yielded dimerization constants, Kdim, for each of the six derivatives (Table 4-5).
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Figure 4-9: Plot of 11d,b, 30a,b, and 31a,b of 1H NMR shift of aromatic signal vs. log
concentration (dots) fitted to a curve using a monomer-dimer model (lines)87
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Table 4-5: Dimerization constants (Kdim) for the thionated dibenzanthracenes and their
imide precursors87
Compound
11d
30a
31a
11b
30b
31b

Kdim (M-1)
1.07 ± 0.31
4.61 ± 0.43
10.29 ± 1.33
2.15 ± 0.24
6.07 ± 0.44
15.43 ± 1.31

X,Y,R
X = Y = O, branched
X = O, Y = S, branched
X = Y = S, branched
X = Y = O, linear
X = O, Y = S, linear
X = Y = S, linear

Both the branched chain and linear chain derivatives show similar dimerization
constants for the parent imides (11b,d), the monothionated derivatives (30a,b) and the
dithionated derivatives (31a,b).

The results show a general trend of increasing

aggregation in solution with increasing thionation.87 In each case, the linear derivative
shows a slightly higher dimerization constant than the branched derivative, which is
consistent with the idea that the branched chain slightly disrupts pi-stacking in
solution.87
The relatively small dimerization constants suggest that the derivatives are
dimerizing in solution as opposed to forming higher aggregates.87 To further support
this idea, dynamic light scattering measurements were performed on both the parent
imide with the branched chain (11d) and the corresponding monothionated derivative
(30a) (Figure 4-10). Unfortunately, the absorbance of the dithionated derivative (31a)
was too high for similar measurements to be taken. For a full description of how the
dynamic light scattering measurements were performed, please see Appendix 2.
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Figure 4-10: Hydrodynamic diameters of 11d and 30a measured by dynamic light
scattering in CHCl3. The error bars show the standard deviation in the measurements
after 3 trials of 17 measurements each87
Because these molecules are disc-shaped, the measured sizes correspond to the
diameter of a sphere having the same translational diffusion speed.147,148 Since the
dimer would have a diameter only slightly bigger than the monomer, if the material is
dimerizing in solution little to no change in the diameter would be observed. If the
material is forming larger aggregates, a definite change in diameter would be observed.
The results show that there is no significant change in diameter at higher concentrations,
further supporting the idea that these materials are dimerizing in solution as opposed to
forming larger aggregates.87
Variable concentration NMR studies were also performed on all three of the
triphenylene derivatives (41-43) (Figure 4-11). Similar to the trend that was observed
with the dibenzanthracene derivatives, the triphenylenes show a general trend of
increasing self-association in solution with increasing concentration.

Overall, the

calculated dimerization constants (Table 4-6) are lower, suggesting that while thionation
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does improve the self-assembly of these materials, the smaller core size results in less
aggregation overall in solution. Given the small dimerization constants, it is again likely
that these materials are forming dimers in solution as opposed to higher order
aggregates.
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Figure 4-11: Plot of 41, 42, and 43 of 1H NMR shift of aromatic signal vs. log
concentration (dots) fitted to a curve using a monomer-dimer model (lines)
Table 4-6: Dimerization constants (Kdim) for the thionatedtriphenylenes (42, 43) and
their imide precursor (41)
Compound
41
42
43

Kdim (M-1)
3.05 ± 1.13
4.05 ± 0.41
4.69 ± 0.42

X,Y
X=Y=O
X = O, Y = S
X=Y=S

Overall, the results for both series correspond well to the behaviour observed in
the liquid crystalline state, further highlighting that thionation has a small effect on self-
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assembly; leading to slightly higher dimerization constants in solution, but variable
results in the mesophase.
4.3.3 Cyclic Voltammetry
The electrochemical properties of these materials were also investigated using
cyclic voltammetry. Cyclic voltammetry was performed on the branched imide (11d) as
well as the corresponding monothionated (30a) and dithionated (31a) dibenzanthracene
derivatives in DCM using Bu4NPF6 as the supporting electrolyte (Figure 4-12). The
results showed quasireversible oxidation peaks at approximately 0.67 V vs. ferrocene;
resulting in an estimated HOMO of -5.48 eV for the parent imide (11d) and -5.47 eV for
both the monothionated (30a) and dithionated (31a) derivatives.87 Reduction peaks
were also observed between -1.48 V and -1.90 V vs. ferrocene. Based on this, the
LUMO energies were then estimated to be -2.89 eV for the parent imide (11a), -2.91 eV
for the monothionated derivative (30a) and -3.30eV for the dithionated derivative
(31a).87
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Figure 4-12: Cyclic voltammetry spectra of the branched imide (11d), monothionated
(30a), and dithionated (30a) dibenzanthracene derivatives, using ferrocene as a
reference
Similarly, for the triphenylene derivatives, results showed quasireversible
oxidation peaks at approximately 0.81 V vs. ferrocene; resulting in an estimated HOMO
of -5.63 eV for the parent imide triphenylene (40), -5.62 eV for the monothionated
triphenylene (41), and -5.61 eV for both the dithionated triphenylene (42). Reduction
peaks were also observed between -1.31V and -1.70 V vs. ferrocene. Based on this, the
LUMO energies were then estimated to be -3.09 eV for the imide triphenylene (41),
-3.14 eV for the monothionated triphenylene (42) and -3.50 eV for the dithionated
triphenylene (43).
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Figure 4-13: Cyclic voltammetry spectra of the imide (41), monothionated (42), and
dithionated (43) triphenylene derivatives, using ferrocene as a reference
Overall, the results for both series show that there is a narrowing of the HOMOLUMO band gap with increasing thionation; and that these changes are primarily driven
by a lowering of the LUMO energy level. These results are consistent with previous
studies performed in the literature.88,92,123–128,133
4.3.4 UV-Vis and Fluorescence Spectroscopy
The spectroscopic properties of these materials were also examined as both
series display dramatically different colours both as solids and in solution (Figure 4-14).
The UV-Vis absorbance spectra of the branched chain dibenzanthracene derivatives can
be seen in Figure 4-15. All three derivatives show absorbance maxima close to 350 nm,
as well as some weak absorption bands at longer wavelengths that are consistent with
intramolecular charge transfer bands.87 There is a distinct red-shifting of the absorbance
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spectra with increasing thionation. This red-shift suggests a narrowing of the HOMOLUMO gap with increasing sulfur content, which is consistent with the observations
from cyclic voltammetry, although it is difficult to reliably estimate the band gap due to
the presence of the intramolecular charge transfer bands.87

Figure 4-14: The dibenzanthracene series (left) and the triphenylene series (right) in
solution
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Figure 4-15: UV-Vis spectra of 1x10-5 M solutions of 11d, 30a, and 31a in CHCl387
In addition, the thionated dibenzanthracenes also show fluorescence quenching
with increased thionation (Figure 4-16).87 This result is consistent with heavy atom
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effects due to the sulfur atoms, which favour intersystem crossing that diminish
fluorescence.105,106
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Figure 4-16: Emission spectra of 2x10-6 M solutions of 11d, 30a, and 31a in CHCl3.
Excitation at 350 nm.
Similar results are observed with the triphenylene derivatives (Figure 4-17 and
4-18). These derivatives demonstrate absorbance maxima close to 340 nm as well as
intramolecular charge transfer bands at longer wavelengths.

Similar to the

dibenzanthracene derivatives, there is a red-shifting of the absorbance spectra with
increasing thionation, suggesting a narrowing of the HOMO-LUMO band gap.
Fluorescence quenching is also seen with increasing thionation in the triphenylene
series.
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Figure 4-17: UV-Vis spectra of 1x10-5 M solutions of 41, 42, and 43 in CHCl3
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Figure 4-18: Emission spectra of 2x10-6 M solutions of 41,42, and 43 in CHCl3.
Excitation at 310 nm.
Due to the presence of the intramolecular charge transfer bands, it is difficult to
estimate the band gap from the UV-Vis spectra for either series. Overall, however, the
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results suggest a narrowing of the HOMO-LUMO band gap with increasing thionation
in both series. This trend is consistent with the observations from cyclic voltammetry.

4.4 Photodegradation of Triphenylenes
During the initial attempts to perform UV-Vis on the triphenylene series using
THF as a solvent, some interesting behaviour was noticed. Both the monothionated (42)
and dithionated (43) triphenylenes appeared to photodegrade in THF; with a noticeable
colour change from deep red to yellow upon standing in solutions of THF in ambient
light (Figure 4-19). This colour change is not observed when the solutions are kept in
the dark.

Figure 4-19: Triphenylene series (41, 42, 43) in THF a) parent imide (41),
monothionated triphenylene (42), and dithionated tripheynlene (43) after 1.5 hours
under ambient light, b) parent imide (41), monothionated triphenylene (42), and
dithionated tripheynlene (43) after 2.5 hours under ambient light, c) monothionated
triphenylene (42) and dithionated tripheynlene (43) after 3 hours in the dark
Further experiments showed that a similar degradation was observed in ether, but
not in halogenated solvents such as chloroform or dichloromethane. When the degraded
material was passed through a column, the main product was found to be the
corresponding imide (41), with nearly quantitative conversion. UV-Vis absorbance
spectra taken at various points during the degradation also support this (Figure 4-20);
with the absorbance spectra of monothionated derivative (42) becoming more like the
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parent imide triphenylene (41) over time.

Similar results were achieved with the

dithionated triphenylene derivative (43). Another unknown fraction was isolated that
showed prominent NMR signals in the alkene region, the alkoxy region, and the alkyl
region. Interestingly, this unknown side product is different when the degradation
occurs in THF than when it occurs in ether, suggesting that the solvent may be playing a
role in forming the products of this reaction.
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Figure 4-20: UV-Vis spectra of 1x10-5 M solutions of 41 and42 in THF showing the
degradation of compound 42. Similar results were achieved with the dithionated
triphenylene derivative (43)
Thus far, we have been unable to determine the mechanism of this
photodegradation or identify the side-products. In order to identify the source of the
oxygen needed for the photodegradation to occur, we conducted several experiments.
To rule out water as the source of oxygen, we carried out the photodegradation in ovendried glassware and anhydrous THF that was dried using a solvent purification system.
The water content of the solvent was measured using a Karl Fischer titrator and found to
be 3.02 ppm.

To exclude the possibility of dissolved oxygen, the solvent was
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freeze/pumped/thawed and was also passed through an alumina column to remove any
peroxides. A subsequent peroxides test showed the levels of peroxides to be negligible.
Furthermore, the oven-dried vial was flushed with nitrogen to ensure the headspace
above the solvent was free of oxygen. Degradation was still observed under these
deoxygenated conditions. This result suggests that the solvent (ether or THF) may in
fact be the source of the oxidant.
To attempt to understand this reaction better, a degradation was also attempted
using DCM as the solvent and 1,4-cyclohexadiene as a hydrogen source. Interestingly,
for the first several hours the colour change was reversible, changing to yellow in the
light and red in the dark. NMR results showed that the red colour corresponded to the
dithionated triphenylene (43) while the yellow colour resulted from the production of an
unknown material. Based on the aromatic signals observed by NMR, this unknown
material was asymmetric, suggesting that degradation was occurring at only one
thioimide. We believe this may be the result of a photo-induced radical reaction taking
place at one of the thioimides. Due to the lack of oxygen, this radical reaction then
reverts in the dark, producing more of the dithionated material and causing the colour
change. Over the course of the weekend, the material did completely photodegrade
back to the corresponding imide (as confirmed by NMR), likely due to oxygen diffusing
into the vial slowly over the course of several days.
Interestingly, in a paper presented by Machida and co-workers, similar behaviour
was noticed with a structurally related series of thioimides. With this series, one of the
two thioimides underwent a photocyclization with the olefins that were present to
generate asymmetrical thietanes (Figure 4-21).149 While this particular reaction was not
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observed to be reversible,149 structurally related oxetanes have been observed to undergo
cycloreversion reactions.150

It seems plausible that a similar radical-induced

photocycloaddition could be occurring between the triphenylene thioimides (42, 43) and
the 1,4-cyclohexadiene.

Figure 4-21:
workers149

Thietane photocycloaddition reaction observed by Machida and co-

In contrast, after eight hours under UV light the corresponding dibenzanthracene
series (30a,b and 31a,b) showed no evidence of degradation. After an additional two
weeks in a vial under ambient light, however, the dibenzanthracene derivatives (30a,b
and 31a,b) did show evidence of photodegradation, although it is difficult to determine
if this is the result of a similar mechanism to the triphenylene derivatives or the result of
oxygen diffusing slowly into the vial over an extended period of time.
The photodegradation of thioimide materials certainly has precedence in the
literature.124,127,151–156 However, we are unable to find any examples where there is not
an oxidant present. Furthermore, should the oxidant source be determined not to be the
solvent, none of the literature sources present any evidence that the solvent is involved
with the degradation in any way, which, based on the different degradation products
achieved, seems to be the case here. While we hope to further study this reaction and
better understand the overall mechanism, at this point, as far as we can tell, this
observation may be unprecedented.
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4.5 Summary
A series of thionated dibenzathracenes (30a,b and 31a,b) and a series of
thionated triphenylenes (42, 43) were successfully prepared. These series allowed us,
for the first time, to explore the effect of thionation on self-assembly both in solution
and in the columnar phase. It was found that thionation does not disrupt the selfassembly in either series, with both the dibenzanthracenes and triphenylenes displaying
relatively broad columnar phases and increased aggregation in solution.

When

compared directly, the triphenylene series shows slightly narrower columnar phases and
less aggregation in solution than the dibenzanthracene series, but the overall trends are
consistent.
The spectroscopic and photophysical properties of both series were also
explored. Both series demonstrated fluorescence quenching and red-shifting of their
UV-Vis spectra with increasing thionation. Furthermore, when compared to the parent
imides, the thionated derivatives of both the dibenzanthracene series and the
triphenylene series possess lower LUMO energies and narrower HOMO-LUMO band
gaps that are attractive for potential device applications in organic semiconductors.
During the course of these studies, the thionated triphenylenes were observed to
undergo rapid photodegradation in THF and ether. It was found that the major product
of this degradation was the corresponding imide, with nearly quantitative conversion.
The other major product is an unknown alkene, which we believe may result from the
material undergoing a reaction with the solvent. Furthermore, despite our best efforts to
exclude oxygen from the system and remove any dissolved oxygen and peroxides from
the solvent, the degradation still occurs. It may be possible, therefore, that the oxidant
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source is the solvent. While we still hope to perform more studies to better understand
this degradation, as far as we can tell these observations are unprecedented in the
literature.
Overall, these results show that thionation can be used to tune the electronic
properties of imide-containing discotic liquid crystals, without having a significant
effect on their mesomorphic properties. These results, combined with the relative ease
of the synthetic transformation, suggest that thionation may be a promising method for
the design of novel electron-deficient liquid crystalline materials.
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Chapter 5 Towards the Synthesis of Imide-Based Discotic
Dimers
5.1 Introduction
Discotic dimers are molecules that have a flexible alkyl chain linking two
discotic moieties. Due to their flexible linking groups, these molecules could adopt one
of two conformations: folded or unfolded (Figure 5-1). The preferred conformation of
these materials, which is influenced by a variety of structural factors, has a large
influence on the overall phase behaviour and self-assembly of the material.57 Recently,
these materials have garnered interest in the literature due to their tendency to form
highly ordered glass phases upon cooling.28

Figure 5-1: Schematic representation of the unfolded and folded conformations of a
discotic dimer
Of the discotic dimers found in the literature, most consist of triphenylene
molecules linked with a flexible alkyl chain. To date, these materials almost exclusively
adopt unfolded conformations and display a columnar phase only when the linking
group is long enough to span the distance between the columns.39,58 For example,
Boden and co-workers prepared a series of triphenylene discotic dimers where the
alkoxy linker was varied from short to long (Figure 5-2). These materials did not
display a columnar phase when the alkoxy linking group was between 3 and 7 carbons
long; a result which the authors attributed to the connecting group being too short to
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span the distance between columnar stacks.58 Further supporting this idea, when the
alkoxy linking group was between 8 and 16 carbons long, the materials did form
columnar phases and formed glass phases upon cooling.58 Similar results were achieved
by Wang and co-workers with their related series of triphenylene discotic dimers. In
this case, the authors observed that, when the linking group was exactly double the
length of the side chains, the dimer showed the highest clearing point, smallest
intracolumnar spacings, and highest charge-carrier mobilities of any of the
derivatives.157 They attributed this result to the fact that, when the linking group is
exactly double the length of the side chains, the mesophase can be thought of as two
corresponding monomers stacking in adjacent columns, without any perturbations in the
column from a too-long or too-short linker.157

Figure 5-2: Triphenylene discotic dimer series prepared by Boden and co-workers58
Recently, however, exceptions to this rule have been reported (Figure 5-3). Ong
and co-workers recently reported a dibenzophenazine dimer with a short linker that
displays a liquid crystalline phase (45).64

The shorter-than-expected intracolumnar

distance, as observed by powder x-ray diffraction, led them to conclude that this was the
result of the molecule folding in the liquid crystalline phase with both halves of the
molecule residing in the same column.64 The Williams’ group prepared a structurally
similar discotic dimer (46). Interestingly, this dimer, with its short diester linkage, was
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observed to fold in both the columnar phase and in solution; behaving more like a rigid
double-decker molecule than one that could interconvert between two conformations.57
This is the first report of this type of behaviour in the literature.57

Figure 5-3: Discotic dimers prepared by the Ong group64 (45) and the Williams
group57 (46)
Based

on

these

results,

we

aim

to

prepare

a

series

of

dibenzanthracenedicarboximide discotic dimers (47). This target series is structurally
similar to the dimers prepared by both Ong and Williams. Based on their results, we
anticipate that our materials may also exhibit folding in the liquid crystalline phase. By
exploring and characterizing their self-assembly, we may, ultimately, be able to better
understand the structure-property relationship in this class of materials.
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Figure 5-4: Target discotic dimer series

5.2 Synthetic Approach
5.2.1 Initial Synthetic Approach
Initially we planned to access the target series via the modular approach used in
our lab for structurally similar compounds (Scheme 5-1). This approach would involve
the palladium-catalyzed Suzuki cross-coupling of a naphthalene anhydride (48) with an
aryl boronate (15), followed by an oxidative ring closing to generate an anhydridesubstituted dibenzanthracene (50). The dimer (47) would be generated in the last step of
the synthesis by refluxing two equivalents of the dibenzanthracene with one equivalent
of the desired diamine in acetic acid.
First, the naphthalene anhydride (48) was prepared according to literature
procedures previously developed in our lab.85 The Suzuki cross-coupling with the aryl
boronate was then attempted. Unfortunately, this step proved to be problematic. Upon
the work-up of the reaction and subsequent column chromatography, only un-reacted
starting material and homo-coupled boronate were isolated. We felt this may be due to
the poor solubility of the naphthalene anhydride (48), which shows limited solubility in
several organic solvents. Based on this result, we sought to revise our approach in order
to avoid this problematic step.
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Scheme 5-1: Initial synthetic approach to the target discotic dimer series

5.2.2 Revised Synthetic Approach
In our revised approach, we aimed to form the naphthalene dimer (51) first,
which should be more soluble than the anhydride. This could then be followed by a
subsequent 4-fold Suzuki cross-coupling and an oxidative ring closing to generate the
desired dimer series (47). The revised synthetic approach can be seen in Scheme 5-2.
Interestingly, the formation of the naphthalene dimer (51) proved to be more
difficult than initially anticipated. We first attempted to form compound 51 by refluxing
two equivalents of the naphthalene anhydride (48) with one equivalent of the desired
diamine; according to the conditions85 we had previously used during the synthesis of
the dibenzanthracenedicarboximide series (11). Unfortunately, these conditions seemed
to be too mild, and, despite multiple attempts, a reaction would only occur at one of the
amines.
After an extensive literature search, it was found that the naphthalene dimer
could be successfully synthesized via a nickel (II) acetate catalyzed reaction using a
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procedure modified from Branda and co-workers.158

Using these conditions

naphthalene dimers with 4-carbon, 8-carbon, and 12-carbon chains were synthesized in
yields of 79-97%. At this point, a four-fold palladium-catalyzed Suzuki cross-coupling
was attempted to generate compounds 52a-c.

This reaction proceeded smoothly,

although it was found that increasing the catalyst loading from 5 mol % to 20 mol %
was needed to achieve the desired materials (52a-c) in moderate yields (Scheme 5-2).
Scheme 5-2: Revised synthetic approach to the target discotic dimer series

The final step in this synthetic approach involved an oxidative ring closing to
generate the target series (47). Unfortunately, this step proved to be very problematic.
In addition to the typical FeCl3 / DCM conditions that have been used in our lab for a
number of related compounds, other alternatives, including DDQ / MeSO3H104 and
FeCl3 / MeNO2 in DCM139 were also tried. With each set of conditions, generally a very
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complex mixture of products was observed. More often than not, as observed by NMR,
there was either very little or none of the desired product present.
To help combat this, reaction time, reaction mixture concentration, equivalents
of starting material, and reaction temperature were all systematically varied. After
numerous attempts, a 50:50 mixture of the desired dimer and an unknown side product
could be obtained using FeCl3 / MeNO2 in DCM with a 5 min reaction time.
Unfortunately, column chromatography was not a viable purification option to separate
the two materials, as both adhered strongly to the silica, making them difficult to elute.
5.2.3 Second Revised Synthetic Approach
Based on these results, we attempted to revise our synthetic approach once again.
This time, the diester dibenzanthracene (55) would be synthesized first.

Then,

compound 55 could be refluxed with the appropriate diamine using imidazole in odichlorobenzene, according to a procedure modified from Feng and co-workers,134 to
generate the dimer directly. The revised approach can be seen in Scheme 5-3.
Scheme 5-3: A second revised approach to the target discotic dimer series
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First, the naphthalene diester (53) was prepared according to literature
procedures previously developed in our lab.85 The subsequent Suzuki cross-coupling
with aryl boronate 15 and oxidative cyclization to generate dibenzanthracene 55 were
both performed successfully, in yields of 51% and 59% respectively.
Unfortunately, the reaction with the diamine was not as successful. Despite
multiple attempts and varying the reaction conditions, only a mixture of starting material
and material where a reaction occurred at one of the amines was observed. Since this
may have been due to a decrease in solubility after the reaction had occurred once, the
reaction was also attempted on the equivalent triphenylene; which should be both more
reactive and more soluble. Unfortunately, a similar result was achieved.
5.2.4 Synthesis of N-Substituted Alkylamine Dibenzanthracenedicarboximides
Unfortunately, despite many synthetic attempts we were unable to form the
desired discotic dimer series (47). Interestingly though, Feng’s approach134 provided us
with

a

way

to

cleanly

dibenzanthracenedicarboximides

generate

(56).

These

N-substituted

alkylamine

dibenzanthracenedicarboximides,

substituted with an alkylamine chain, provide a direct comparison to the previously
synthesized alkyl substituted dibenzanthracenedicaboximide series (11). The synthetic
approach to these compounds can be seen in Scheme 5-4.
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Scheme 5-4: Synthesis of the alkylamine N-substituted dibenzanthracenedicarboximide
monomers

To generate the alkylamine dibenzanthracenedicarboximides (56a,b), the diester
dibenzanthracene (55) was refluxed with an excess of the desired amine and imidazole
in o-dichlorobenzene for approximately 20 hours. Using this approach, the reaction
went to completion and the excess amine could be easily removed by washing the
product with water. In this way, two derivatives, one with a heptylamine chain (56a)
and the other with a dodecylamine chain (56b), were synthesized in yields of 71% and
21% respectively.

5.3 Results
5.3.1 Mesophase Behaviour of the Alkylamine Dibenzanthracenedicarboximides
Both of the N-substituted alkylamine dibenzanthracenes demonstrated a
columnar phase. The hexylamine derivative displayed a columnar phase from 44 to 177
o

C, while the dodecylamine derivative was a liquid crystal between 35 and 174 oC
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(reported values from DSC upon heating). The micrographs in Figure 5-5 show the
liquid crystal textures of compounds 56a and 56b as seen by polarized optical
microscopy.

Figure 5-5: Polarized optical micrographs of a) the hexylamine dibenzanthracene
monomer (56a) at 175 oC and b) the dodecylamine dibenzanthracene monomer (56b) at
172 oC. The micrographs were taken on cooling at a rate of 5 °C∙min- 1 and were taken
at 200x magnification.
The two derivatives were also analyzed using powder X-ray diffraction by Hi
Taing and Dr. Holger Eichhorn at the University of Windsor (Figure 5-6). Despite the
atypical texture observed via polarized optical microscopy, both derivatives were found
to exhibit hexagonal columnar phases by XRD.

Similar to the alkyl substituted

dibenzanthracenedicarboximides (11) this series does not show the (110) reflection.
Using Bragg’s Law, the intracolumnar spacings were determined to be 27.0 Å for the
heptylamine derivative (56a) and 26.9 Å for the dodecylamine derivative (56b). These
values are consistent both with the molecular dimensions and with the previously
determined

intercolumnar

distances

for

dibenzanthracenedicarboximides (11).
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the

related

alkyl

substituted

Figure 5-6: Representative X-Ray diffractogram of compound 56a
The phase behaviours of compounds 56a,b have also been summarized
graphically (Figure 5-7), for visual comparison between the two derivatives.

In

addition, because the heptylamine derivative (56a) and the octyl-substituted
dibenzanthracenedicarboximide derivative (11b) are both substituted with 8-atom
chains, the phase behaviour of compound 11b has also been included for comparison.
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Figure 5-7:
Liquid crystal temperature ranges of the alkylamine
dibenzanthracenedicarboximides (56a,b) and the corresponding octyl-substituted
dibenzanthracenedicarximide (11b).85 The transitions are from DSC on heating. I is an
isotropic liquid, Col is a columnar phase and Cr indicated a crystalline solid phase.
5.3.2 Further Functionalizations: Ionic Liquid Crystals
Ionic liquid crystals are a subclass of liquid crystalline materials that are
composed of cations and anions.159 Thermotropic ionic liquid crystals are of interest
because they can combine the properties of liquid crystals, such as self-assembly, with
the tunability and ionic conductivity of ionic liquids.159 With the terminal amine, the
alkylamine dibenzanthracenedicarboximide monomers (56a,b) provided a unique
opportunity to access an ionic liquid crystal via alkylation of the amine to a quaternary
salt.
Unfortunately, forming an ionic liquid crystalline derivative proved to be quite
challenging (refer to Figure 5-8). First, methyl iodide and potassium carbonate in THF
were used to attempt to methylate the amine according to a procedure modified from
Schramm and co-workers.160 Based on NMR data, it was obvious that while a reaction
did occur, it did not go to completion. Despite repeated attempts, the reaction would not
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go to completion nor was it possible to separate the product from the leftover starting
material.
Two different anion exchanges were attempted on the crude alkylated material,
in the hopes that the resulting ionic material would be easier to purify. First, the iodide
anion was exchanged with a hexafluorophosphate anion according to a procedure from
Kato et al.161 Once again the reaction did not go to completion, resulting in a mixture of
several products that could not be successfully isolated. Similarly, an anion exchange
with methyl triflate was attempted according to a procedure from Stolar et al.162 This
also resulted in a mixture of inseparable products.

Figure 5-8: Summary of the alkylations and anion exchanges attempted on the
hexylamine dibenzanthracenedicarboximide (56a)
One common theme with these attempts was that both the hexylamine precursor
(56a) and the resulting alkylated materials all had very limited solubility, hampering
purification efforts. In an attempt to combat this, an alkylation was attempted again
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(Figure 5-8), this time using iodobutane, in the hopes that the butyl chains would
improve the solubility of the resulting materials. While solubility was improved, the
resulting product did not appear to be the desired ionic material. Instead, based on
NMR data, it appeared that the hexylamine was alkylated twice to form the neutral
tertiary amine as opposed to the ionic material (Figure 5-9).

Figure 5-9: Dialkylated derivative
To confirm this, the same reaction was attempted using octylamine as a model
system. Upon work-up, the NMR data was compared to literature values and it was
found that the octylamine had also preferentially formed the dialkylated species rather
than the ionic species. Repeating the experiment at high temperatures and for a longer
reaction time did show some evidence of the ionic material, although the major product
was still the tertiary amine. These results suggest that, rather than solubility, sterics may
be playing a role in preventing the reaction from forming the desired ionic material; as
the nitrogen atom becomes too crowded for a further reaction to occur.
5.3.3 Further Functionalizations: Acetylation
Acetylation was also attempted as a post-synthetic modification (Scheme 5-5).
This was of particular interest as the resulting material (57) has the potential to form
hydrogen bonds, which could lead to a stabilization of the columnar phase.
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Scheme 5-5: Synthesis of the acetylated dibenzanthracenedicarboximide derivative

The acetylated material was successfully prepared in 77% yield according to a
procedure modified from Bhat et al.163 Once purified, the mesophase was characterized
via polarized optical microscopy and differential scanning calorimetry. Similar to the
hexylamine precursor (56a) the acetylated derivative (58) also displayed an atypical
texture via polarized optical microscopy (Figure 5-10).

Figure
5-10:
Polarized
optical
micrograph
of
the
acetylated
o
dibenzanthracenedicarboximide (58) at 155 C. The micrograph was taken on cooling
at a rate of 5 °C∙min- 1 and at 200x magnification.
The material was also analyzed using powder X-ray diffraction by Hi Taing and
Dr. Holger Eichhorn at the University of Windsor (Figure 5-11). The (100) and (110)
reflections were used to calculate the distance between the columns in the columnar
arrangement. Using Bragg’s Law, the intercolumnar distance for compound 58 was
determined to be 26.7 Å, which is consistent with the molecular dimensions. This
confirms that the material displays a hexagonal columnar mesophase.
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Figure 5-11: Representative X-Ray diffractogram of compound 58
As determined by DSC, the acetylated material displayed a columnar phase from
123 oC to 157 oC. The phase behaviour of compound 58 and its precursor (56a) have
been summarized graphically in Figure 5-12. Unfortunately, the acetylated derivative
(58) displayed a much narrower liquid crystalline temperature range than its alkylamine
precursor (56a).

111

Acetylated Imide (58)
Cr
Col
Heptylamine Imide (56a)

I

0

50

100

150

Temperature

200

250

(oC)

Figure 5-12: Liquid crystal temperature ranges of the acetylated derivative (58) and
the hexylamine precursor (56a). The transitions are from DSC on heating. I is an
isotropic liquid, Col is a columnar phase and Cr is a crystalline solid

5.4 Discussion
Unfortunately, despite multiple synthetic approaches, the target discotic dimer
series (47) could not be successfully prepared or characterized. However, the two
alkylamine dibenzanthracenedicarboximide monomers (56a,b) that were prepared did
display broad columnar phases.

Although only a hexylamine and dodecylamine

derivative were prepared, the overall trend in columnar behaviour is similar to that
noticed with the corresponding N-substituted dibenzanthracenedicarboximide series;
with the longer alkyl chain leading to a broadening of the columnar phase through a
lowering of the solid to liquid crystal transition. Interestingly, when compared to the
equivalent octyl-substituted dibenzanthracenedicarboximide (11b), the phase range for
the hexylamine derivative (53a) is narrower and shifted to a lower overall temperature
range. Since the clearing point is indicative of mesophase stability, this observation
suggests that the replacement of the terminal carbon with an amino group leads to a
destabilization of the columnar phase.
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The alkylation of the exposed amine to generate an ionic liquid crystal also
proved to be unsuccessful. Several examples of monomeric ionic discotic liquid crystal
with charged side chains have been previously prepared in the literature; primarily based
on triphenylene, perylene, and hexabenzocoronene cores.164 In this case, despite the
potential of these materials to form ionic liquid crystals, solubility and sterics seem to be
the deciding factors in terms of being unable to generate them. When methylating the
amine, the reaction does seem to proceed as intended, but the poor solubility of both the
starting material and the resulting products seems to prevent the reaction from going to
completion and hampers purification. In contrast, although the solubility of the resulting
product is improved when alkylating with longer chains, steric hindrance around the
nitrogen atom leads to the dialkylated derivative being formed instead of the ionic
material.
In comparison, the acetylation reaction proceeded smoothly. Since the material
only reacted once at the amine, sterics were not a factor; and the resulting product had
greatly improved solubility which allowed for easy purification. Unfortunately, the
much narrower columnar temperature range suggests that hydrogen bonding is not
stabilizing the columnar phase. However, the significant increase in the solid to liquid
crystal transition temperature suggests a stabilization of the crystalline phase, which
may suggest that hydrogen bonding is occurring in the solid phase and leading to the
observed stabilization of the crystalline phase. In contrast, the Williams group prepared
a series of carboxylic acid substituted dibenzophenazines (Figure 5-13) which did show
hydrogen bonding in the columnar phase.144 The hydrogen bonding within the columns
of the mesophase resulted in materials that showed extremely broad liquid crystalline
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temperature ranges, with higher than expected clearing points, and a lowering of the
columnar phase to close to room temperature.144

Figure 5-13: Carboxylic acid substituted dibenzophenazine series prepared by the
Williams group144
It is possible that, due to the acetylated material having the amine on the chain of
the molecule, as opposed to on the core of the molecule, the disorder in the flexible
chains may be too great to form stabilizing hydrogen bonds within the column when the
material is in the liquid crystalline phase.

Instead, the material may be forming

hydrogen bonds in the crystalline phase which would explain the observed increase in
the solid to liquid crystal transition temperature and overall stabilization of the
crystalline phase.

5.5 Summary
Despite multiple synthetic approaches, the target discotic dimer series (47) could
not be successfully prepared.

During the attempted syntheses, two alkylamine

dibenzanthracenedicarboximides monomers (56a,b) were successfully prepared and
purified.

Both derivatives displayed a hexagonal columnar phase with the longer

alkylamine chain leading to a broadening of the columnar phase via a lowering of the
solid to liquid crystal transition. When the transition temperature of the hexyalamine
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derivative (56a) was compared to the octyl-substituted dibenzanthracenedicarboximide
(11b) the overall phase range was observed to be shifted to a lower temperature range
with a lower clearing point. Since both chains contain the same number of atoms, this
result suggests that the exposed amine leads to a destabilization of the columnar phase.
Post-synthetic modifications to the hexylamine derivative (56a) proved to be
equally challenging. Despite multiple attempts to alkylate the exposed amine, an ionic
liquid crystal could not be successfully prepared, likely due to a combination of poor
solubility and sterics.

In contrast, an acetylated derivative (58) was successfully

prepared. Unfortunately, the narrow liquid crystalline phase displayed by this material
suggests that it does not undergo advantageous hydrogen bonding in the columnar
phase.

115

Chapter 6 Conclusions and Future Work
The goal of this thesis was to study the effects of oxidation, thionation, and
dimerization on the self-assembly and photophysical properties of novel discotic
materials. By characterizing how changes to the molecular structure of these materials
affects their liquid crystalline temperature range and photophysical properties, we can
better understand the intermolecular interactions occurring in these types of compounds,
which may, ultimately, lead to a better understanding of their self-assembly and may,
ultimately, help to develop materials that have potential device applications in organic
electronics.
We have successfully shown that both oxidation and thionation are relatively
straightforward synthetic transformations that can be used to prepare materials with
broad liquid crystalline phases.

Introducing a quinone moiety on to the aromatic

backbone of two dibenanthracene derivatives (Figure 6-1) induced a liquid crystalline
phase in the hexaalkoxy derivative (14).

Although the quinone did not induce a

columnar phase in the tetraalkoxy derivative (13), this is likely the result of the loss of
two flexible alkyl chains. While both derivatives proved to be un-reactive to a variety of
post-synthetic modifications, this could potentially be remedied by preparing a
dibenzotetracenequinone derivative (20); where the extended aromatic core should
reduce the steric hindrance between the quinone and the surrounding alkyl chains,
hopefully producing a reactive species.
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Figure 6-1:
Target dibenzanthracenequinones 13 and 14, plus proposed
dibenzotetracenequinone 20
In addition to the oxidized series, a series of thionated dibenzanthracenes and a
series of thionated triphenylenes were also prepared (Figure 6-2).

This series

demonstrated that thionation produced materials with broad liquid crystalline phases as
well as increased aggregation in solution. Furthermore, when compared to the parent
imide materials, both the thionated dibenzanthracene series and the thionated
triphenylene series showed a lowering of the LUMO energy level and a narrowing of the
HOMO-LUMO band gap with increasing thionation, which is an attractive property for
potential device applications in organic semiconductors. In addition to the favourable
electronic properties observed with these materials, the triphenylene series was observed
to photodegrade in THF and ether. Preliminary results suggest that, while the main
product of the degradation is the corresponding parent imide, another by-product of the
degradation involves a reaction with the solvent. Furthermore, to date, the oxidant
source cannot be determined, suggesting that the solvent may also be the source of the
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oxygen needed for the photodegradation.

We believe this observation may be

unprecedented in the literature and, therefore, have implications for other researchers
working with thioimide materials. Further studies, such as laser-flash photolysis, are
needed to better understand the products and mechanism of this reaction.

Figure 6-2: Thionated dibenzanthracene series (30a,b and 31a,b) and thionated
triphenylene series (42, 43)
In contrast to the aforementioned series, two dithienoanthracenedicarboximides
(24a,b) were also successfully synthesized.

Despite related thiophene derivatives

displaying favourable properties, neither of these derivatives proved to be liquid
crystalline, which could be due to both a reduced number of flexible alkyl chains
surrounding the aromatic core and a deviation from the ideal discotic shape. Similarly,
although attempts to form imide-based discotic dimers were unsuccessful, alkylamine
substituted dibenzanthracene derivatives (56a,b) were successfully prepared, with the
alkylamine chain resulting in a lowering of the clearing point and an overall narrowing

118

of the liquid crystalline temperature range. These materials were used to prepare an
acetylated derivative, which did not form stabilizing hydrogen bonds in the liquid
crystalline phase, although the introduction of the acetyl group did show a stabilization
of the crystalline phase. Ultimately, however, it would still be ideal to prepare an imidebased discotic dimer for comparison with other structurally-related discotic dimers in
the literature.
Overall, this work highlights the complex relationship between molecular
structure and liquid crystalline behaviour.

The systematic study of how structural

modifications to these dibenzanthracene derivatives affects their self-assembly is of
interest not only to other liquid crystal researchers but also to other areas of research as
well. Self-assembly and π-stacking interactions are present in a variety of biological
systems including DNA, proteins, and enymes.2 Intrinsically disordered proteins are
also the result of self-assembly165 and bear some similarities to liquid crystalline phases.
Therefore, a better understanding of the factors that influence self-assembly and πstacking in liquid crystals may also lead to a better understanding of the interactions
occurring in these biological systems. Furthermore, a more thorough understanding of
the self-assembly and electronic properties of liquid crystalline materials is of
significant interest for the development of renewable energy sources, including organic
solar cells and light emitting diodes, which require materials that are both easy to
prepare and transport charge efficiently.
In conclusion, we have successfully shown that both oxidation and thionation are
relatively straightforward synthetic transformations that can be used to prepare materials
with broad liquid crystalline phases. Thionation in particular has been shown to be an
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effective way to prepare electron-deficient materials while still promoting self-assembly
both in solution and in the liquid crystal phase. Furthermore, during the course of our
synthetic studies, interesting observations were made concerning both the mechanism of
the Scholl reaction and the photodegradation of thioimide triphenylenes; both presenting
promising areas for future research. Finally, although the synthesis of the target discotic
dimers could not be achieved, the N-substituted alkylamine monomers presented
beneficial comparisons to previously synthesized materials.

Overall, a better

understanding of the relationship between molecular structure and liquid crystalline
behaviour will allow us to better understand the intermolecular interactions occurring in
these classes of compounds and may, ultimately, help to develop materials that have
future applications in organic electronics.
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Chapter 7 Experimental Procedures
7.1 General
7.1.1 NMR Spectroscopy
1

H and 13C spectra were recorded on a Varian 300 MHz (1H) Unity Inova NMR

Spectrometer or an Agilent Technologies 400 MHz Spectrometer (as indicated) using
the indicated deuterated solvents purchased from Sigma Aldrich. Chemical shifts are
reported in δ scale downfield from the peak for tetramethylsilane.
In some cases not all aliphatic and/or aromatic 13C peaks are observed in the Nsubstituted

dibenzanthracenedicarboximides

or

N-substituted

triphenylenedicarboximides and their derivatives due to overlapping signals.
7.1.2 High Resolution Mass Spectrometry
High resolution mass spectra were recorded at the Centre Régional de
Spectrométrie de Masse à l’Université de Montréal using an Agilent LC-MSD TOF
spectrometer.
7.1.3 Mesophase Characterization
Polarized optical microscopy studies were performed using an Olympus BX-51
polarized optical microscope equipped with a Linkam LTS 350 heating stage and a digital
camera. Differential scanning calorimetry studies were carried out using a TA Instruments
DSC Q200 with a scanning rate of 5 °C/min. Variable temperature X-Ray diffraction
measurements were carried out by Hi Taing and Professor Holger Eichhorn at the
University of Windsor.
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7.1.4 Cyclic Voltammetry
Cyclic Voltammetry was carried out using a Basi EC Epsilon Voltammeter using
a Pt disk as the working electrode, a Pt wire auxiliary electrode, and an Ag wire as a
pseudo-reference electrode.
7.1.5 Dynamic Light Scattering
Dynamic Light Scattering was carried out using a Zetasizer Nano-ZS ZEN3600.
All measurements were performed at 25 oC in chloroform (viscosity: 0.5370 cP,
refractive index: 1.445) in a glass cuvette.
7.1.6 Chemicals and Solvents
All reagents and starting materials were purchased from Sigma-Aldrich and used
as purchased. Column chromatography was performed using silica gel (60 Å, 203-400
mesh, 40-63 µm particle size) purchased from Sigma Aldrich as the adsorbent and
mixtures of hexanes, chloroform, dichloromethane, and ethyl acetate (as indicated) as
the eluent. These solvents and other non-anhydrous solvents used in reactions were
purchased from Sigma Aldrich and used as received.

Anhydrous solvents were

dispensed using a custom-built solvent system from Glasscontour (Irvine, CA) which
used purification columns packed with activated alumina and supported copper catalyst.
Oven-dried glassware was used for all reactions that were performed under nitrogen.
The following compounds were prepared according to literature procedures:
bis(decyloxy)benzene,166

1-bromo-3,4-bis(decyloxy)benzene,167

1,2-

2,3,6,7,11,12-

hexakis(decyloxy)dibenz[a,c]anthracene,80

2,3,5,6-

tetrakis(decyloxy)dibenz[a,c]anthracene,84

6,7-dibromo-2-octyl-benzo[f]isoindole-1,3-

dione,85

6,7-dibromo-2-(2-ethyl-1-hexylimide)-benzo[f]isoindole-1,3-dione,85
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2-

hexylthiophene,168
dibenz[a,c]anthracenedicarboximide,85

N-octyl-2,3,6,7-tetrakis(decyloxy)-11,12N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-

11,12-dibenz[a,c]anthracenedicarboximide,85

6,7-dibromo-naphtho[2,3-c]furan-1,3-

dione,85 dimethyl 6,7-dibromo-2,3-naphthalenedicarboxylate,85 and dimethyl 6,7dibromo-2,3-naphthalenedicarboxylate135 (prepared by Kegan Moran).

7.2 Synthesis

1-pinacolatoboron-3,4-bis(decyloxy)benzene

(15):167

1-bromo-3,4-

bis(decyloxy)benzene (10.0 g, 21.3 mmol), bis(pinacolato)diboron (6.00 g, 23.7 mmol),
Pd(dppf)Cl2 (0.31 g, 0.42 mmol) and potassium acetate (6.28 g, 64.0 mmol) were
combined in a round bottom flask equipped with a reflux condenser and purged with N2.
Anhydrous DMSO (100 mL) was added to the flask using a canula. The solution was
then heated to 80 oC and left to stir under N2 for 6 days. The solution was then cooled to
room temperature, followed by the addition of 75 mL dichloromethane and washed with
water (2x50 mL) and brine (1x50 mL). The organic phase was dried with MgSO4 and
the solvent was removed under reduced pressure to yield a brown oil as the crude
product.

The crude product was purified via column chromatography (98:2

hexanes/ethyl acetate) to yield 15 as a yellow oil (10.1 g, 92 %). 1H NMR (300 MHz,
CDCl3) δ: 0.89 (m, 6H), 1.27 (m, 28H), 1.81 (m, 4H), 4.02 (m, 4H), 6.87 (d, 1H, J = 8
Hz), 7.30 (s, 1H), 7.40 (d, 1H, J = 8 Hz). NMR data consistent with literature values.25
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2,3,6,7-tetrakis(decyloxy)dibenz[a,c]anthracene-9,14-dione (13): A solution of CrO3
(1.51 g, 15.1 mmol) in 9 mL of water and 36 mL of acetic anhydride was prepared in a
round bottom flask. The solution was poured slowly into a suspension of 2,3,6,7tetrakis(decyloxy)dibenz[a,c]anthracene (1.14 g, 1.26 mmol) in 68 mL of acetic
anhydride in a round bottom flask equipped with a reflex condenser. The reaction
mixture was stirred at 90 oC for 6 days. The solution was cooled to room temperature
followed by the addition of 100 mL of dichloromethane, and washed slowly with water
(2x50 mL) and a saturated sodium bicarbonate solution (1x50mL). The organic phase
was dried with MgSO4 and the solvent was removed under reduced pressure. The crude
product was purified via column chromatography (60:40 hexanes/dichloromethane).
The resulting material was recrystallized from hexanes to yield 13 as a red solid (0.37 g,
25%). 1H NMR (300 MHz, CDCl3) δ: 0.89 (m, 12H), 1.41 (m, 44H), 1.59 (m, 10H),
1.97 (m, 10H), 4.29 (m, 8H), 7.75 (m, 2H), 7.80 (s, 2H), 8.20 (m, 2H), 9.05 (s, 2H); 13C
NMR (75 MHz, CDCl3) δ:14.1, 22.7, 26.1, 29.1, 29.2, 29.4, 29.5, 29.6, 29.7, 31.9, 68.9,
69.2, 104.2, 110.4, 122.6, 126.2, 129.0, 129.4, 133.2, 134.3, 150.4, 151.3, 187.7; HRMS
(ASAP) calc’d for C62H92O6 m/z 932.6938, found 932.6894.
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2,3,6,7,11,12-hexakis(decyloxy)dibenz[a,c]anthracene-9,14-dione (14): A solution of
CrO3 (0.49 g, 4.93 mmol) in 4 mL of water and 16 mL of acetic anhydride was prepared
in a scintillation vial.

The solution was poured slowly into a suspension of

2,3,6,7,11,12-hexakis(decyloxy)dibenz[a,c]anthracene (0.50 g, 0.41 mmol) in 30 mL of
acetic anhydride in a round bottom flask equipped with a reflux condenser. The reaction
mixture was stirred at 90 oC for a period of 6 days. The solution was cooled to room
temperature followed by the addition of 100 mL of dichloromethane, and washed slowly
with water (2x50 mL) and a saturated sodium bicarbonate solution (1x50mL). The
organic phase was dried with MgSO4 and the solvent was removed under reduced
pressure.

The crude product was purified via column chromatography (60:40

hexanes/dichloromethane). The resulting material was recrystallized from acetone to
yield 14 as a red solid (0.17 g, 22%). 1H NMR (400 MHz, CDCl3) δ: 0.91 (m, 18H),
1.41 (m, 24H), 1.60 (m, 20H), 1.97 (m, 12H), 4.22 (t, 4H), 4.28 (m, 8H), 7.60 (s, 2H),
7.78 (s, 2H), 9.08 (s, 2H); 13C NMR (100 MHz, CDCl3) δ: 14.1, 22.7, 25.9, 26.1, 26.2,
28.9, 29.16, 29.19, 29.31, 29.33, 29.4, 29.53, 29.57, 29.6, 31.9, 68.8, 69.2, 69.3, 104.3,
108.7, 110.6, 122.8, 128.6, 128.9, 129.3, 150.2, 151.0, 153.2, 187.0; HRMS (ASAP)
calc’d for C82H132O8 m/z 1244.9824, found 1244.9922.
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2-pinacolatoboron-5-hexylthiophene (27):

Bis(pinacolato)diboron (5.50 g, 21.6

mmol), [Ir(OMe)(COD)]2 (0.21 g, 0.32 mmol) and di-tert-butyl-2,2’-bipyridine (0.17 g,
0.64 mmol) were combined in a round bottom flask and purged with N2.2hexylthiophene (7.64 g, 45.5 mmol) was added and a reflux condenser was attached.
Degassed cyclohexane (125 mL) was added to the flask using a canula. The solution
was then heated to 80 oC and left to stir under N2 for 4 hours. The cooled solution was
then quenched with water (excess) and extracted using hexanes. The organic phase was
washed with water (2x50 mL) and brine (1x50 mL), dried with MgSO4, and the solvent
was removed under reduced pressure. The crude product was purified via a short silica
plug (100% hexanes, then 100% DCM) and the solvent was removed under reduced
pressure to yield 27 as a yellow oil. The resulting product was used in the next step
without further purification (5.73 g, 90%).

1

H NMR (400 MHz, CDCl3) δ: 1.09 (t, 4

H), 1.51 (m, 17H), 1.88 (m, 2H), 3.04 (t, 2H), 7.04 (d, 1H), 7.67 (d, 1H). NMR data
consistent with literature values.169,170

General procedure for the synthesis of the N-alkyl-6,7-bis(5’-hexyloxythiophene)2,3-naphthalenedicarboximides (29): The 6,7-dibromo-2-alkyl-benzo[f]isoindole-1,3dione (1 eq.), 2-pinacolatoboron-5-hexyloxythiophene (2.52 eq), 27 mL of aq. 2.0 M
K2CO3 (25 eq), 27 mL of ethanol, and 150 mL of toluene (excess) were combined in a
round bottom flask fitted with a reflux condenser and purged with N2. Pd(PPh3)4 (10
mol %) was added and the mixture was heated to 80 oC and left to stir under N2 for 24
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hours. The solution was cooled to room temperature, followed by the addition of 100
mL dichloromethane, and washed with water (2x50 mL) and brine (1x50 mL).The
organic phase was dried with MgSO4 and the solvent was removed under reduced
pressure. The crude products were purified according to the conditions listed.

N-2-ethyl-1-hexyl-6,7-bis(5’-hexyloxythiophene)-2,3-naphthalenedicarboximide
(29a): 6,7-dibromo-2-(2-ethyl-1-hexylimide)-benzo[f]isoindole-1,3-dione (1.13 g, 2.43
mmol), 2-pinacolatoboron-5-bis(hexyloxy)thiophene (1.80 g, 6.11 mmol), Pd(PPh3)4
(0.70 g. 0.24 mmol), aq. 2.0 M K2CO3 (27 mL), ethanol (27 mL), and toluene (150 mL)
were used.

The crude product was purified via column chromatography (95:5

hexanes/ethyl acetate) to give a yellow oil. The resulting product was used in the next
step without further purification (1.15 g, 74%).

1

H NMR (400 MHz, CDCl3) δ: 0.89

(m, 14H), 1.42 (m, 18H), 1.72 (m, 4H), 2.18 (m, 1H), 2.81 (t, 4H), 3.66 (t, 2H), 6.70 (d,
2H), 6.82 (d, 2H), 8.08 (s, 2H), 8.26 (s, 2H).
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N-octyl-6,7-bis(5’-hexyloxythiophene)-2,3-naphthalenedicarboximide (29b):

6,7-

dibromo-2-octyl-benzo[f]isoindole-1,3-dione (1.00 g, 2.14mmol), 2-pinacolatoboron-5bis(hexyloxy)thiophene (1.59 g, 5.39 mmol), Pd(PPh3)4 (0.25 g. 0.21 mmol), aq. 2.0 M
K2CO3 (27 mL), ethanol (27 mL), and toluene (150 mL) were used. The crude product
was purified via column chromatography (95:5 hexanes/ethyl acetate). The resulting
material was recrystallized from ethanol to yield 29b as a pale yellow solid (1.03 g,
75%). 1H NMR (300 MHz, CDCl3) δ: 0.88 (m, 8H), 1.32 (m, 23H), 1.68 (m, 6H), 2.81
(t, 4H), 3.75 (t, 2H), 6.70 (d, 2H), 6.83 (d, 2H), 8.09 (s, 2H), 8.28 (s, 2H); 13C NMR (75
MHz, CDCl3) δ: 11.5, 20.05, 20.08, 24.4, 26.0, 26.1, 26.6, 27.5, 29.0, 29.1, 29.2, 35.8,
121.5, 121.7, 125.1, 125.7, 129.0, 131.8, 133.1, 136.0, 145.4, 165.5; HRMS (APCI)
calc’d for C40H51NO2S2m/z 642.3423, found 642.3434.

General procedure for the synthesis of the N-alkyl-1,4-di(hexyloxy)-7,8dithienoanthracenedicarboximides (24): 0.5 mL of CH3SO3H (50 eq) was added to a
solution of the N-alkyl-6,7-bis(5’-hexyloxythiophene)-2,3-naphthalenedicarboximide (1
eq) in 25 mL of dry dichloromethane (excess) in a round bottom flask. The solution was
cooled to 0 oC and DDQ (2.1 eq.) was added. The reaction mixture was stirred at 0 oC
under N2 for 2 minutes. The reaction mixture was quenched with excess aqueous
sodium bicarbonate and the organic phase was separated and washed with water (2x20
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mL) and brine (1x20 mL). The organic phase was dried with MgSO4 and the resulting
solution was purified via a short silica column (100% dichloromethane). The solvent
was removed under reduced pressure, followed by recrystallization via the conditions
listed.

N-2-ethyl-1-hexyl-1,4-di(hexyloxy)-7,8-dithienoanthracenedicarboximide
CH3SO3H

(0.5

mL)

(24a):

N-2-ethyl-1-hexyl-6,7-bis(5’-hexyloxythiophene)-2,3-

naphthalenedicarboximide (0.10 g, 0.15 mmol), DDQ (0.074 g, 0.32 mmol), and dry
dichloromethane (25 mL) were used.

The crude product was recrystallized from

dichloromethane/ethanol to yield 24a as a yellow solid (0.035 g, 35%). 1H NMR (300
MHz, CDCl3) δ: 0.96 (m, 18H), 1.37 (m, 11H), 1.86 (m, 8H), 3.04 (t, 4H), 3.68 (d, 2H),
7.35 (s, 2H), 8.39 (s, 2H), 8.62 (s, 2H);

13

C NMR (75 MHz, CDCl3) δ:11.0, 14.6, 23.1,

23.6, 24.5, 29.1, 29.4, 31.1, 31.4, 32.0, 32.1, 38.8, 42.7, 120.9, 125.3, 125.4, 127.2,
128.1, 132.4, 133.4, 135.2, 148.9, 168.8; HRMS (ESI) calc’d for C40H49NO2S2 m/z
640.3280, found 640.3278.
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N-octyl-1,4-di(hexyloxy)-7,8-dithienoanthracenedicarboximide (24b):

CH3SO3H

(0.5 mL), N-octyl-6,7-bis(5’-hexyloxythiophene)-2,3-naphthalenedicarboximide (0.10 g,
0.15 mmol), DDQ (0.074 g, 0.32 mmol), and dry dichloromethane (25 mL) were used.
The crude product was recrystallized from dichloromethane/ethanol to yield 24b as a
yellow solid (0.058 g, 58%). 1H NMR (300 MHz, CDCl3) δ: 0.92 (m, 12H), 1.44 (m,
17H), 1.75 (m, 4H), 1.86 (m, 4H), 3.05 (t, 4H), 3.77 (t, 2H), 7.36 (s, 2H), 8.40 (s, 2H),
8.63 (s, 2H); 13C NMR (75 MHz, CDCl3) δ: 13.8, 22.32, 22.36, 26.7, 28.3, 28.5, 28.9,
29.4, 30.6, 31.2, 31.3, 31.5, 38.1, 120.1, 124.5, 124.6, 126.5, 127.3, 131.6, 132.5, 134.4,
148.1, 167.7; HRMS (ESI) calc’d for C40H49NO2S2 m/z 640.3271, found 640.3277.

General procedure for the synthesis of the N-alkyl-2,3,6,7-tetrakis(decyloxy)-11,12dibenz[a,c]anthracene-2-oxo-5-thioxoimides (30):

The desired N-alkyl-2,3,6,7-

tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide (1 eq) and Lawesson’s
Reagent (0.5 eq) were dissolved in 50.0 mL (excess) of dry toluene in a round bottom
flask. The solution was heated at reflux under N2 for 4 hours. The solution was cooled
to room temperature and the solvent was removed under reduced pressure. The crude
products were purified according to the conditions listed.
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N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracene-2-oxo-5thioxoimide (30a):

Lawesson’s Reagent (0.07 g, 0.16 mmol), N-2-ethyl-1-hexyl-

2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide

(0.36

g,

0.33

mmol), and toluene (50.0 mL) were used. The crude product was purified via column
chromatography (1:1 hexanes/chloroform) and the resulting material was recrystallized
from chloroform/ethanol to yield 30a as an orange solid (0.20 g, 54%). 1H NMR (400
MHz, CDCl3) δ: 0.89 (m, 20H), 1.38 (m, 50H), 1.62 (m, 12H), 1.97 (m, 8H), 2.13 (m,
1H), 4.00 (m, 2H), 4.26 (m, 8H), 7.71 (s, 2H), 7.98 (s, 2H), 8.31 (s, 1H), 8.51 (s, 1H),
8.81 (s, 1H), 8.87 (s, 1H); 13C NMR (100 MHz, CDCl3) δ: 14.0, 14.1, 22.6, 23.0, 24.0,
26.2, 28.5, 29.3, 29.40, 29.43, 29.5, 29.6, 29.7, 30.7, 31.9, 37.7, 45.4, 69.3, 69.5, 106.9,
107.2, 107.4, 122.5, 123.5, 123.7, 124.0, 124.5, 124.8, 124.9, 125.4, 130.1, 130.2, 131.9,
132.5, 132.9, 149.2, 150.43, 150.49, 169.5, 196.6; HRMS (ASAP) calc’d for
C72H110NO5S+H m/z 1100.8105, found 1100.8131.
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N-octyl-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracene-2-oxo-5-thioxoimide
(30b): Lawesson’s Reagent (0.06 g, 0.14 mmol), N-octyl-2,3,6,7-tetrakis(decyloxy)11,12-dibenz[a,c]anthracenedicarboximide (0.30 g, 0.28 mmol), and toluene (50.0 mL)
were used.

The crude product was purified via column chromatography (1:1

hexanes/chloroform)

and

the

resulting

material

was

recrystallized

from

chloroform/ethanol to yield 30b as an orange solid (0.12 g, 51%). 1H NMR (400 MHz,
CDCl3) δ: 0.88 (m, 20H), 1.43 (m, 50H), 1.61 (m, 10H), 1.82 (m, 2H), 1.97 (m, 9H),
4.13 (m, 2H), 4.28 (m, 8H), 7.79 (s, 2H), 8.11 (s, 2H), 8.46 (s, 1H), 8.66 (s, 1H), 9.01 (s,
1H), 9.07 (s, 1H);

13

C NMR (100 MHz, CDCl3) δ: 14.1, 22.64, 22.69, 26.20, 26.21,

27.0, 27.8, 29.21, 29.24, 29.40, 29.41, 29.45, 29.53, 29.59, 29.65, 29.66, 29.72, 29.74,
31.8, 31.9, 41.4, 69.2, 69.3, 69.4, 106.8, 107.2, 122.44, 122.48, 123.5, 123.6, 123.8,
124.4, 124.7, 124.8, 125.3, 129.9, 130.1, 131.8, 132.4, 132.8, 149.1, 150.3, 150.4, 169.0,
196.1; HRMS (ASAP) calc’d for C72H110NO5S+H m/z 1100.8105, found 1100.811.

General procedure for the synthesis of the N-alkyl-2,3,6,7-tetrakis(decyloxy)-11,12dibenz[a,c]anthracenedicarboxthioimides

(31):

The desired

N-alkyl-2,3,6,7-

tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide (1 eq) and Lawesson’s
Reagent (1 eq) were dissolved in 50.0 mL of dry toluene (excess) in a round bottom
flask. The solution was heated at reflux under N2 overnight. The solution was cooled to
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room temperature and the solvent was removed under reduced pressure. The crude
products were purified according to the conditions listed.

N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboxthioimide

(31a):

Lawesson’s Reagent (0.09 g, 0.23 mmol), N-2-ethyl-1-hexyl-2,3,6,7-

tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide (0.25 g, 0.23 mmol), and
toluene (50.0 mL) were used.

The crude product was purified via column

chromatography (60:40 hexanes/dichloromethane) and the resulting material was
recrystallized from chloroform/ethanol to yield 31a as a purple solid (0.21 g, 82%). 1H
NMR (400 MHz, CDCl3) δ: 0.90 (m, 20H), 1.31 (m, 50H), 1.61 (m, 12H), 1.97 (m, 8H),
2.26 (m, 1H), 4.22 (m, 8H), 4.36 (m, 2H), 7.65 (s, 2H), 7.90 (s, 2H), 8.28 (s, 2H), 8.72
(s, 2H); 13C NMR (100 MHz, CDCl3) δ: 10.8, 14.1, 22.6, 23.0, 24.1, 26.2, 28.5, 29.40,
29.42, 29.45, 29.62, 29.65, 29.67, 29.71, 29.73, 29.75, 30.7, 31.93, 31.95, 38.0, 48.3,
69.3, 69.4, 106.8, 107.1, 122.5, 123.9, 124.8, 125.0, 129.9, 132.04, 132.06, 149.1, 150.3,
197.0; HRMS (ASAP) calc’d for C72H109NO4S2 m/z 1115.7750, found 1115.7798.
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N-octyl-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboxthioimide
(31b): Lawesson’s Reagent (0.09 g, 0.23 mmol), N-octyl-2,3,6,7-tetrakis(decyloxy)11,12-dibenz[a,c]anthracenedicarboximide (0.25 g, 0.23 mmol), and toluene (50.0 mL)
were used.

The crude product was purified via column chromatography (60:40

hexanes/chloroform)

and

the

resulting

material

was

recrystallized

chloroform/ethanol to yield 31b as a purple solid (0.18 g, 70%).

1

from

H NMR (400 MHz,

CDCl3) δ: 0.87 (m, 16H), 1.40 (m, 45H), 1.60 (m, 20H), 1.79 (m, 2H), 1.97 (m, 8H),
4.22 (m, 8H), 4.46 (t, 2H), 7.66 (s, 2H), 7.93 (s, 2H), 8.37 (s, 2H), 8.82 (s, 2H);

13

C

NMR (100 MHz, CDCl3) δ: 11.5, 20.0, 20.1, 23.5, 24.4, 24.8, 26.6, 26.7, 26.81, 26.84,
26.9, 27.04, 27.06, 27.1, 29.2, 29.3, 66.8, 67.0, 104.4, 104.7, 120.0, 121.6, 122.3, 122.5,
127.6,

129.6,

129.8,

146.7,

147.9,

193.5;

C72H109NO4S2+Hm/z 1116.789, found 1116.788.
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HRMS

(ASAP)

calc’d

for

Dimethyl 4,5-bis(3’,4’-didecyloxyphenyl)-1,2-benzenedicarboxylate (39): Dimethyl
4,5-dibromo-1,2-benzenedicarboxylate (0.40 g, 1.14 mmol), 1-pinacolatodiboron-3,4bis(decyloxy)benzene (1.48 g, 2.86 mmol), aq. 2.0 M K2CO3 (13 mL), ethanol (13 mL),
and toluene (70 mL) were combined in a round bottom flask fitted with a reflux
condenser and purged with N2. Pd(PPh3)4 (0.131 g. 0.113 mmol) was added and the
mixture was heated to 80 oC under N2 for 2 days. The solution was cooled to room
temperature followed by the addition of 100 mL of dichloromethane, and washed with
water (2x50 mL) and brine (1x50mL). The organic phase was dried with MgSO 4 and
the solvent was removed under reduced pressure. The crude product was purified via
column chromatography (9:1 hexanes/ethyl acetate) to give a yellow oil. The resulting
product was used in the next step without further purification (1.06 g, 96%). 1H NMR
(400 MHz, CDCl3) δ: 0.86 (m, 14H), 1.18 (m, 38H), 1.42 (m, 6H), 1.62 (m, 4H), 1.78
(m, 4H), 3.64 (m, 12H), 3.88 (m, 12H), 6.55 (s, 2H), 6.74 (m, 4H), 7.72 (s, 2H).
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Dimethyl
Dimethyl

6,7,10,11-tetrakis(decyloxy)-2,3-triphenylenedicarboxylate
4,5-bis(3’,4’-didecyloxyphenyl)-1,2-benzenedicarboxylate

(40):

(0.33

g,

0.34mmol), and FeCl3 (0.33 g, 2.03mmol) were dissolved in dry dichloromethane (50
mL) in a round bottom flask. The solution was stirred at room temperature under N2 for
30 mins. The solution was poured into methanol (100 mL) and the resulting precipitate
was collected via suction filtration.

The crude product was dissolved in

dichloromethane and purified via a short silica column (100% dichloromethane). The
solvent was removed under reduced pressure. The crude product was recrystallized
from dichloromethane/methanol to yield 40 as a white solid (0.78 g, 79%).

1

H NMR

(400 MHz, CDCl3) δ: 0.89 (m, 12H), 1.43 (m, 42H), 1.58 (m, 16H), 1.96 (m, 8H), 4.02
(s, 6H), 4.26 (m, 8H), 7.82 (s, 2H), 7.99 (s, 2H), 8.82 (s, 2H);

13

C NMR (100 MHz,

CDCl3) δ: 14.0, 22.6, 26.12, 26.14, 29.3, 29.47, 29.48, 29.5, 29.64, 29.65, 31.9, 52.7,
69.4, 69.5, 122.4, 124.5, 125.2, 128.2, 130.3, 149.3, 150.5, 168.7. NMR data consistent
with literature values.157
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N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-10,11-triphenylenedicarboximide (41):
Dimethyl 6,7,10,11-tetrakis(decyloxy)-2,3-triphenylenedicarboxylate (0.50 g, 0.51
mmol), 2-ethyl-1-hexylamine (0.23 g, 1.80 mmol), and imidazole (1.05 g, 15.4 mmol)
were combined in a round bottom flask and purged with N2. o-Dichlorobenzene (20
mL) was added and the mixture was heated to reflux under N2 for a period of 7.5 hours.
The hot solution was poured into excess methanol and the resulting precipitate was
collected via suction filtration. The precipitate was washed with water and the crude
product was purified via column chromatography (9:1 hexanes/ethyl acetate). The
resulting material was recrystallized from dichloromethane/ethanol to yield 41 as a pale
yellow solid (0.39 g, 73%).

1

H NMR (300 MHz, CDCl3) δ: 0.90 (m, 18H), 1.44 (m,

57H), 1.60 (m, 6H), 1.98 (m, 8H), 3.68 (d, 2H), 4.25 (m, 8H), 7.79 (s, 2H), 7.91 (s, 2H),
8.79 (s, 2H);

13

C NMR (75 MHz, CDCl3) δ: 10.4, 14.1, 22.7, 23.0, 23.9, 26.1, 26.2,

28.5, 29.4, 29.5, 29.6, 29.7, 30.6, 31.9, 38.3, 42.0, 69.3, 69.5, 106.2, 106.5, 118.5, 123.1,
125.2, 127.8, 132.5, 149.5, 150.7, 169.1; HRMS (ESI) calc’d for C68H107NO6 m/z
1034.8188, found 1034.8171.
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N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-10,11-triphenylene-2-oxo-5-thioxoimide (42):

N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-10,11-triphenylenedicarboximide (0.30 g,
0.29 mmol) and Lawesson’s Reagent (0.058 g, 0.14 mmol) were dissolved in 50 mL of
dry toluene in a round bottom flask. The solution was heated at reflux under N2 for 90
mins. The solution was cooled to room temperature and the solvent was removed under
reduced pressure. The crude product was purified via column chromatography (60:40
hexanes/chloroform)

and

the

resulting

material

was

chloroform/ethanol to yield 42 as an orange solid (0.15 g, 48%).

recrystallized
1

from

H NMR (300 MHz,

CDCl3) δ: 0.91 (m, 16H), 1.33 (m, 58H), 1.60 (m, 8H), 1.95 (m, 8H), 2.12 (m, 1H),
4.04 (d, 2H), 4.27 (m, 8H), 7.79 (s, 2H), 7.94 (s, 1H), 8.02 (s, 1H), 8.74 (s, 1H), 8.90 (s,
1H); 13C NMR (75 MHz, CDCl3) δ: 10.6, 14.1, 22.7, 24.0, 26.1, 26.2, 28.5, 29.4, 29.5,
29.6, 29.7, 30.7, 31.9, 37.8, 45.2, 69.3, 69.4, 69.5, 106.2, 106.3, 106.6, 107.3, 118.3,
119.2, 123.3, 123.4, 123.6, 125.2, 125.4, 132.0, 132.8, 133.6, 149.4, 149.5, 150.7, 150.8,
170.5, 197.6; HRMS (ASAP) calc’d for C68H107NO5S m/z
1049.7870.
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1049.7853, found

N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-10,11-triphenylenedicarboxythioimide
(43):

N-2-ethyl-1-hexyl-2,3,6,7-tetrakis(decyloxy)-10,11-triphenylenedicarboximide

(0.30 g, 0.29 mmol) and Lawesson’s Reagent (0.117 g, 0.29 mmol) were dissolved in 50
mL of dry toluene in a round botto flask. The solution was heated at reflux under N2
overnight. The solution was cooled to room temperature and the solvent was removed
under reduced pressure. The crude product was purified via column chromatography
(1:1 hexanes/chloroform) and the resulting material was recrystallized from
chloroform/ethanol to yield 43 as a purple solid (0.28 g, 91%).

1

H NMR (300 MHz,

CDCl3) δ: 0.90 (m, 18H), 1.43 (m, 56H), 1.60 (m, 8H), 1.95 (m, 8H), 2.30 (m, 1H),
4.28 (m, 8H), 4.67 (d, 2H), 7.78 (s, 2H), 8.04 (s, 2H), 8.81 (s, 2H); 13C NMR (75 MHz,
CDCl3) δ: 10.9, 14.12, 14.15, 22.7, 23.0, 24.1, 26.2, 28.6, 29.4, 29.5, 29.6, 29.7, 30.7,
31.9, 38.2, 48.2, 69.5, 106.3, 107.4, 118.8, 123.6, 125.4, 132.0, 132.2, 149.5, 150.8,
198.2; HRMS (ASAP) calc’d for C68H107NO4S2 m/z 1065.7625, found 1065.7642.

General procedure for the synthesis of the
dibromobenzo[f]indole-1,3-diones) (51):

2,2’-(alkyl-1,12-diyl)-bis(6,7-

A mixture of 6,7-dibromo-naphtho[2,3-

c]furan-1,3-dione (2.07 eq), 1,12-diaminododecane (1 eq), and 250 mL of DMF (excess)
were combined in a round bottom flask fitted with a reflux condenser and heated to 90
o

C for 1 hour. Then 60 mL of acetic anhydride, triethylamine (0.4 eq), and nickel (II)
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acetate tetrahydrate (10 mol %) were added to the flask and the resulting mixture was
stirred at 90 oC overnight. The mixture was then cooled to room temperature, poured
into ice water, and stirred for 1 hour. The resulting precipitate was collected by suction
filtration and the crude products were purified according to the conditions listed.

2,2’-(butyl-1,8-diyl)-bis(6,7-dibromobenzo[f]indole-1,3-dione) (51a):

6,7-dibromo-

naphtho[2,3-c]furan-1,3-dione (1.50 g, 4.21 mmol), 1,4-diaminobutane (0.18 g, 2.03
mmol), triethylamine (0.11 mL, 0.77 mmol), nickel (II) acetate tetrahydrate (0.05 g,
0.203 mmol), acetic anhydride (60 mL), and DMF (250 mL) were used. The crude
material was collected by suction filtration and washed with water and warm chloroform
to yield 51a as a brown solid (0.33 g, 64%). Due to the limited solubility of the
material, no high quality NMR data is available.

HRMS (ASAP) calc’d for

C28H17N2O4Br4 m/z 764.7886, found 764.7881.

2,2’-(octyl-1,8-diyl)-bis(6,7-dibromobenzo[f]indole-1,3-dione) (51b):

6,7-dibromo-

naphtho[2,3-c]furan-1,3-dione (1.50 g, 4.21 mmol), 1,8-diaminooctane (0.29 g, 2.03
mmol), triethylamine (0.11 mL, 0.77mmol), nickel (II) acetate tetrahydrate (0.05 g, 0.20
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mmol), acetic anhydride (60 mL), and DMF (250 mL) were used. The crude material
was collected by suction filtration and washed with water to yield 51b as a brown solid
(1.55 g, 93%). 1H NMR (400 MHz, CDCl3) δ: 1.27 (m, 12H), 3.74 (t, 4H), 8.22 (s, 4H),
8.35 (s, 4H). Due to the limited solubility of the material, no high quality 13C NMR data
is available. HRMS (ASAP) calc’d for C31H25N2O4Br4 m/z 820.8521, found 820.8497.

2,2’-(dodecyl-1,12-diyl)-bis(6,7-dibromobenzo[f]indole-1,3-dione)

(51c):

6,7-

dibromo-naphtho[2,3-c]furan-1,3-dione (01.50 g, 4.21 mmol), 1,12-diaminododecane
(0.41 g, 2.03 mmol), triethylamine (0.11 mL, 0.77 mmol), nickel (II) acetate tetrahydrate
(0.05 g, 0.20 mmol), acetic anhydride (60 mL), and DMF (250 mL) were used. The
crude material was collected by suction filtration and washed with water and chloroform
to yield 51c as a brown solid (1.73 g, 97%).

1

H NMR (400 MHz, CDCl3) δ: 1.27 (m,

20H), 3.74 (t, 4H), 8.21 (s, 4H), 8.34 (s, 4H). Due to the limited solubility of the
material, no high quality

13

C NMR data is available.

HRMS (ASAP) calc’d for

C36H33N2O4Br4 m/z 876.9133, found 876.9152.

General procedure for the synthesis of the N,N’-(alkyl-1,8-diyl)-bis(6,7-bis(3’,4’didecyloxyphenyl)-2,3-naphthalenedicarboximides) (52): The 2,2’-(alkyl-1,12-diyl)bis(6,7-dibromobenzo[f]indole-1,3-dione) (1 eq), 4-boropinacolato-1,2-bis(decyloxy)
benzene (4.5 eq), 25 mL of aq. 2.0 M K2CO3, 25 mL of ethanol, and 125 mL of toluene
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(excess) were combined in a round bottom flask fitted with a reflux condenser and
purged with N2. Pd(PPh3)4 (20 mol %) was added and the mixture was heated to 80 oC
and left to stir under N2 for 5 days. The solution was cooled to room temperature,
followed by the addition of 100 mL dichloromethane, and washed with water (2x50 mL)
and brine (1x50 mL).The organic phase was dried with MgSO4 and the solvent was
removed under reduced pressure. The crude products were purified according to the
conditions listed.

N,N’-(butyl-1,8-diyl)-bis(6,7-bis(3’,4’-didecyloxyphenyl)-2,3-naphthalenedicarboximide)

(52a):

2,2’-(butyl-1,8-diyl)-bis(6,7-dibromobenzo[f]indole-1,3-dione)(0.50 g, 0.65

mmol), 4-boropinacolato-1,2-bis(decyloxy) benzene (1.53 g, 2.95 mmol), Pd(PPh3)4
(0.15 g, 0.13 mmol), aq. 2.0 M K2CO3 (25.0 mL), ethanol (25.0 mL), and toluene (175
mL) were used. The crude product was purified via column chromatography (gradient:
95:5 hexanes / ethyl acetate to 9:1 hexanes/ethyl acetate). The resulting material was
recrystallized from acetone/ethanol to yield 52a as a white solid (0.42 g, 32%).

1

H

NMR (400 MHz, CDCl3) δ: 0.86 (m, 28H), 1.32 (m, 100H), 1.44 (m, 8H), 1.64 (m,
12H), 1.81 (m, 8H), 3.70 (m, 12H), 3.95 (t, 8H), 6.63 (s, 4H), 6.81 (m, 8H), 8.01 (s, 4H),
8.30 (s, 4H);

13

C NMR (100 MHz, CDCl3) δ: 14.0, 22.6, 25.9, 26.0, 26.8, 28.5, 29.0,

29.2, 29.34, 29.37, 29.40, 29.46, 29.5, 29.60. 29.63, 29.7, 31.9, 69.2, 113.2, 115.7,
142

122.0, 124.2, 127.9, 131.1, 133.0, 134.4, 142.3, 148.5, 148.6, 168.2; HRMS (ASAP)
calc’d for C136H204N2O12m/z 2057.5327, found 2057.5414.

N,N’-(octyl-1,8-diyl)-bis(6,7-bis(3’,4’-didecyloxyphenyl)-2,3-naphthalenedicarboximide)

(52b):

2,2’-(octyl-1,8-diyl)-bis(6,7-dibromobenzo[f]indole-1,3-dione) (0.50 g, 0.61

mmol), 4-boropinacolato-1,2-bis(decyloxy) benzene (1.42 g, 2.75 mmol), Pd(PPh3)4
(0.14 g, 0.12 mmol), aq. 2.0 M K2CO3 (25.0 mL), ethanol (25.0 mL), and toluene (125
mL) wereused. The crude product was purified via column chromatography (gradient:
95:5 hexanes / ethyl acetate to 9:1 hexanes/ethyl acetate). The resulting material was
recrystallized from acetone/ethanol to yield 52b as a white solid (0.59 g, 48%).

1

H

NMR (400 MHz, CDCl3) δ: 0.86 (m, 28H), 1.32 (m, 108H), 1.44 (m, 8H), 1.64 (m,
12H), 1.81 (m, 8H), 3.70 (m, 12H), 3.95 (t, 8H), 6.63 (s, 4H), 6.81 (m, 8H), 8.01 (s, 4H),
8.30 (s, 4H);

13

C NMR (100 MHz, CDCl3) δ: 14.0, 22.6, 25.9, 26.0, 26.8, 28.5, 29.0,

29.2, 29.34, 29.37, 29.40, 29.46, 29.5, 29.60. 29.63, 29.7, 31.9, 69.2, 113.2, 115.7,
122.0, 124.2, 127.9, 131.1, 133.0, 134.4, 142.3, 148.5, 148.6, 168.2; HRMS (ASAP)
calc’d for C136H204N2O12m/z 2057.5327, found 2057.5414.
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N,N’-(dodecyl-1,12-diyl)-bis(6,7-bis(3’,4’-didecyloxyphenyl)-2,3-naphthalenedicarboximide) (52c):

2,2’-(dodecyl-1,12-diyl)-bis(6,7-dibromobenzo[f]indole-1,3-

dione) (0.50 g, 0.57 mmol), 4-boropinacolato-1,2-bis(decyloxy) benzene (1.33 g, 2.57
mmol), Pd(PPh3)4 (0.13 g, 0.11 mmol), aq. 2.0 M K2CO3 (25.0 mL), ethanol (25.0 mL),
and toluene (125 mL) were used.

The crude product was purified via column

chromatography(gradient: 95:5 hexanes / ethyl acetate to 9:1 hexanes / ethyl acetate)
and the resulting product was recrystallized from an acetone/ethanol solvent pair to yield
52c as a white solid (0.49 g, 41%). 1H NMR (400 MHz, CDCl3) δ: 0.88 (m, 28H), 1.28
(m, 110H), 1.44 (m, 12H), 1.67 (m, 14H), 1.82 (m, 8H), 3.68 (m, 12H), 3.95 (t, 8H),
6.64 (s, 4H), 6.81 (m, 8H), 8.01 (s, 4H), 8.29 (s, 4H);

13

C NMR (100 MHz, CDCl3) δ:

14.0, 22.6, 25.9, 26.04, 26.9, 28.5, 29.0, 29.1, 29.30, 29.34, 29.37, 29.4, 29.5, 29.60,
29.62, 29.68, 31.9, 69.1, 113.2, 115.7, 122.0, 124.1, 127.9, 131.1, 133.0, 134.4, 142.3,
148.5, 148.6, 168.2; HRMS (ASAP) calc’d for C140H213N2O12 m/z 2114.6079, found
2114.6119.
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Dimethyl

6,7-bis(3’,4’-didecyloxyphenyl)-2,3-naphthalenedicarboxylate

(54):

Dimethyl 6,7-dibromo-2,3-naphthalenedicarboxylate85 (0.50 g, 1.24 mmol), 1pinacolatodiboron-3,4-bis(decyloxy)benzene (1.62 g, 3.13 mmol), aq. 2.0 M K2CO3 (15
mL), ethanol (15 mL), and toluene (75 mL) were combined in a round bottom flask
fitted with a reflux condenser and purged with N2. Pd(PPh3)4 (0.287 g, 0.248 mmol)
was added and the mixture was heated to 80 oC under N2 for 4 days. The solution was
cooled to room temperature, followed by the addition of 100 mL of dichloromethane,
and washed with water (2x50 mL) and brine (1x50mL). The organic phase was dried
with MgSO4 and the solvent was removed under reduced pressure. The crude product
was purified via column chromatogaphy (60:40 hexanes/dichloromethane) to give a
yellow oil. The resulting product was used in the next step without further purification
(0.99 g, 36%). 1H NMR (400 MHz, CDCl3) δ: 0.89 (m, 12H), 1.43 (m, 60H), 1.69 (m,
4H), 1.84 (m, 4H), 3.71 (t, 4H), 3.97 (s, 6H), 6.66 (s, 2H), 6.82 (s, 4H), 7.93 (s, 2H),
8.27 (s, 2H).
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Dimethyl 2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboxylate (55):
Dimethyl 6,7-bis(3’,4’-didecyloxyphenyl)-2,3-naphthalenedicarboxylate (0.23 g, 0.22
mmol), and FeCl3 (0.21 g, 1.32 mmol) were dissolved in dry dichloromethane (50 mL)
in a round bottom flask. The solution was stirred at room temperature under N2 for 30
min. The solution was poured into methanol (100 mL) and the resulting precipitate was
collected via suction filtration. The crude product was dissolved in dichloromethane
and purified via a short silica column (100% dichloromethane).
removed under reduced pressure.

The solvent was

The crude product was recrystallized from

acetone/methanol to yield 55 as a pale yellow solid (0.40 g, 90%). 1H NMR (400 MHz,
CDCl3) δ: 0.89 (m, 14H), 1.45 (m, 40H), 1.61 (m, 14H), 1.98 (m, 8H), 4.00 (s, 6H),
4.23 (m, 8H), 7.78 (s, 2H), 8.10 (s, 2H), 8.50 (s, 2H), 8.93 (s, 2H); 13C NMR (100 MHz,
CDCl3) δ: 14.0, 22.6, 26.1, 29.35, 29.38, 29.5, 29.6, 31.9, 52.6, 69.4, 69.6, 107.3, 107.6,
122.1, 122.9, 124.8, 127.6, 130.2, 130.5, 130.8, 149.2, 150.3, 168.2; HRMS (ESI) calc’d
for C66H98O8 m/z 1019.7369, found 1019.7334.

146

N-(1-heptylamine)-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide

(56a):

Dimethyl 2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboxylate

(0.35 g, 0.343 mmol), 1,12-diaminoheptane (0.16 g, 1.20 mmol), and imidazole (0.69 g,
10.2 mmol) were combined in a round bottom flask and purged with N2.
o-Dichlorobenzene (14 mL) was added and the mixture was heated to reflux under N2
for 20 hours. The hot solution was poured into excess methanol and the resulting
precipitate was collected via suction filtration. The precipitate was washed with water
and recrystallized from chloroform / ethanol to yield 56a as a dark brown solid (0.26 g,
71%).

1

H NMR (300 MHz, CDCl3) δ: 0.89 (m, 12H), 1.43 (m, 64H), 1.76 (m, 4H),

1.97 (m, 8H), 2.68 (m, 2H), 3.80 (m, 2H), 4.31 (m, 8H), 7.81 (s, 2H), 8.14 (s, 2H), 8.55
(s, 2H), 9.06 (s, 2H). Due to the limited solubility of the material, no high quality 13C
NMR data is available. HRMS (ESI) calc’d for C71H108N2O6 m/z 1085.8295, found
1085.8280.
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N-(1-dodecylamine)-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide

(56b):

Dimethyl 2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboxylate

(0.085 g, 0,083 mmol), 1,12-diaminododecane (0.060 g, 0.29 mmol), and imidazole
(0.168 g, 2.47 mmol) were combined in a round bottom flask and purged with N2.
o-Dichlorobenzene (4 mL) was added and the mixture was heated to reflux under N2 for
a period of 16 hours. The solution was cooled to room temperature followed by the
addition of 10 mL of dichloromethane, and washed with water (2x25 mL) and brine
(1x25mL). The organic phase was dried with MgSO4 and the organic phase was
concentrated slightly to remove the dichloromethane. Excess hexanes were added to the
remaining o-dichlorobenzene and the resulting precipitate was collected via suction
filtration. The crude product was washed with ethanol, methanol, ethyl acetate, and
acetone to yield 56b as a dark brown solid (0.020 g, 21%). 1H NMR (400 MHz, CDCl3)
δ: 0.89 (m, 8H), 1.59 (m, 74H), 1.75 (m, 4H), 1.97 (m, 12H), 2.67 (t, 2H), 3.78 (m,
2H), 4.29 (m, 8H), 7.81 (s, 2H), 8.14 (s, 2H), 8.55 (s, 2H), 9.06 (s, 2H). Due to the
limited solubility of the material, no high quality

13

C NMR data is available. HRMS

(ASAP) calc’d for C76H118N2O6 m/z 1154.8990, found 1154.8949.
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N-(1-heptanamide)-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide (58):

N-heptyl-1-amine-2,3,6,7-tetrakis(decyloxy)-11,12-dibenz[a,c]anthracenedicarboximide
(0.050 g, 0.046 mmol) and dry DCM (15 mL) were combined in a round bottom flask
and stirred at room temperature under N2. Acetic anhydride (0.007 g, 0.069 mmol) was
added and the reaction mixture was stirred at room temperature for 3 days. The reaction
mixture was then washed with aqueous saturated sodium carbonate and the organic
phase was dried with MgSO4. The solvent was removed under reduced pressure. The
crude product was recrystallized from ethanol/hexanes to yield 58 as a dark yellow solid
(0.040 g, 77%). 1H NMR (400 MHz, CDCl3) δ: 0.88 (m, 16H), 1.44 (m, 42H), 1.61 (m,
14H), 1.82 (m, 4H), 1.99 (m, 13H), 2.24 (m, 2H), 3.75 (m, 2H), 4.29 (m, 8H), 5.50 (bs,
1H)7.79 (s, 2H), 8.09 (s, 2H), 8.50 (s, 2H), 8.99 (s, 2H); 13C NMR (100 MHz, CDCl3) δ:
14.0, 22.6, 23.3, 26.1, 26.6, 26.7, 28.3, 28.6, 29.3, 29.4, 29.5, 29.61, 29.67, 31.9, 38.1,
39.5, 69.5, 69.6, 107.1, 107.6, 122.5, 123.8, 124.8, 125.0, 126.9, 130.4, 132.4, 149.3,
150.6, 168.1, 169.9. HRMS (APCI) calc’d for C73H110N2O7 m/z 1127.8373, found
1127.8363.
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Appendices
Appendix 1: Concentration Dependent 1H NMR Studies and Dimer
Model
Concentration Dependent 1H NMR Experiments
Dilution experiments were performed on the imide substituted and thioimide
substituted dibenzanthracene series (30a,b and 31a,b) and triphenylene series (42, 43).
A 0.05 M stock solution of the desired derivative was prepared in chloroform-d6. The
stock solution was subsequently diluted until a concentration of 2.59x10-4 M had been
reached. A 1H NMR spectrum was recorded after each dilution. The chemical shifts of
the aromatic protons were plotted as a function of concentration.
Dimer Model
The data for the six derivatives was analyzed using the following model2:
(𝛿 − 𝛿𝐴 ) =

1+4𝐾𝑑𝑖𝑚 [𝐴]0 −√1+8𝐾𝑑𝑖𝑚 [𝐴]0
(𝛿𝑑𝑖𝑚
4𝐾𝑑𝑖𝑚 [𝐴]0

− 𝛿𝐴 )

A1

This model defines the relationship between the change in chemical shift (δ – δA)
and the total concentration of compound in solution [A]0 based on two parameters, the
dimerization constant Kdim and the chemical shift of the dimer δdim.
Fitting with the Dimer Model
In order to fit the data to the dimer model, the chemical shift of the monomer had
to be estimated. This was done by linear regression on the first data points for each
curve (between 2.59x10-4 and 5.76x10-4 M).

Figure A1 shows the fit for the

dibenzanthracenedicarboximide derivative with the branched chain (11d).
Lavigueur, C.; Foster, E.J.; Williams, V.E. J. Am. Chem. Soc. 2008, 130, 1179111800.
2
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Figure A1:
Change in chemical shifts with concentration for 11d at low
concentrations. Lines show linear fit extrapolated to zero to evaluate the chemical
shifts of the monomer.
Once the chemical shifts of the monomers were obtained for each of the nine
compounds, the difference in chemical shift (δ – δA) was plotted against concentration
and the plots were fitted to equation A1 using a non-linear two-parameter fit performed
with the Levenberg-Marquadt least squares routine in the Non Linear Curve Fitting Tool
of Origin 6.1. This gave both the chemical shift for the dimer and a dimerization
constant for each proton. The dimerization constants for each molecule were obtained
by averaging the values obtained for each proton. The results can be seen in Table A1
and Table A2.
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Table A1: Dimerization constants and reduced chi-squared values obtained with each
proton for the dibenzanthracene series.
Branched Imide
Kdim (M-1)
Reduced chisquared
Br. Monothio
Kdim (M-1)
Reduced chisquared
Br. Dithio
Kdim (M-1)
Reduced chisquared
Linear Imide
Kdim (M-1)
Reduced chisquared
Lin. Monothio
Kdim (M-1)
Reduced chisquared
Lin. Dithio
Kdim (M-1)
Reduced chisquared

Proton
A

Proton
B

Proton
C

Proton
D

1.39
1.00E-3

1.00
2.71E-4

1.06
3.05E-4

0.42
2.21E-4

4.82
2.47E-4

4.55
2.07E-4

5.03
1.85E-4

5.06
1.91E-4

10.92
4.59E-4

11.58
4.62E-4

10.19
1.90E-4

2.28
9.44E-5

2.47
1.08E-4

6.42
5.59E-4

16.38
8.47E-4

Proton
E

Average

Std.
Dev.

1.07

0.31

4.61

0.43

8.48
9.60E-5

10.29

1.33

2.18
1.20E-4

1.57
2.57E-5

2.15

0.24

6.59
6.19E-4

6.08
1.81E-4

6.06
2.04E-4

6.07

0.44

16.08
5.40E-4

14.92
3.60E-4

14.00
1.19E-4

15.43

1.31

4.36
1.47E-4

5.69
1.79E-4

Proton
F

3.58
4.72E-5

5.17
4.73E-5

Table A2: Dimerization constants and reduced chi-squared values obtained with each
proton for the triphenylene series.
Branched Imide
Kdim (M-1)
Reduced chisquared
Br. Monothio
Kdim (M-1)
Reduced chisquared
Br. Dithio
Kdim (M-1)
Reduced chisquared

A

B

C

3.60
2.12E-4

3.81
1.95E-4

1.75
1.50E-5

4.39
1.45E-4

4.30
1.79E-4

4.34
1.04E-4

4.89
2.19E-4

4.99
1.45E-4

4.21
5.20E-5
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D

3.70
1.59E-4

E

3.50
1.96E-5

Average

Std.
Dev.

3.05

1.13

4.05

0.41

4.69

0.42

Appendix 2: Dynamic Light Scattering Experiments
Hydrodynamic diameter measurements were carried out by dynamic light
scattering on the branched chain imide (11d) and monothionated (30a) dibenzanthracene
derivatives at various concentrations. All measurements were performed at 25 oC in
chloroform (viscosity: 0.5370 cP, refractive index: 1.445) in a glass cuvette. Sample
volumes of 2 mL were used.

Prepared solutions were filtered through 0.45 µm

polytetrafluoroethylene membranes made by VWR International before being measured.
For each compound at each concentration, 3 trials of 17 measurements were
performed and averaged.
distribution.

Individual results were analyzed using an intensity size

Often, two peaks were observed in the intensity size distribution, as

exemplified in Figure A2. Only the peak corresponding to a smaller particle size (10 to 30
Å) was considered while the larger peak was attributed to trace impurities present at minute
concentrations.

Figure A2: Example of results obtained for 30a at 0.01 M. In this case, peaks were
observed at 2.882 nm and 1089 nm corresponding to 73.7% and 26.3% of the scattered
light intensity, respectively. Only the 2.882 nm peak was used when calculating the
average size.
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Appendix 3: NMR Data
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